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TOWARD DESIGNER ANTIBIOTICS 


Inthe past few years, there has been an alarming increase in the number of methi- 
Ciltin-resistant Staphylococcus aureus (MRSA) infections occurring in hospitals and in 
the community. Liu etal. (p. 1391, published ontine 24 February) suggest an antibi- 
otic approach that targets the pigment staphyloxanthin that, besides giving S. aureus 
its golden color, provides resistance to killing by the host immune system. Early steps 
in staphyloxanthin biosynthesis resemble those in cholesterol biosynthesis and an 
enzyme involved in pigment biosynthesis, Crt (dehydrosqualene synthase) is struc 
turally similar to human squalene synthase (505). Inhibitors of SQS were screened for 
activity against CrtM, and the structures of CrtMt bound to three compounds that inhib- 
ited pigment formation in vitro were examined. One of these inhibitors, which has 
been through initial human clinical trials as a cholesterol-lowering agent, increased 


the susceptibility of 5. aureaus to killing by the innate immune system. 


Reconciling Sea-Level 
Changes 


Estimates of global sea level during the Creta 
«eous period vary widely and sometimes are diff 
cult to reconcile with the geological record of 
widespread continental flooding that occurred 
then, In order to remove some of those contradic 
tions, Miller etal. (1357) incorporate marine 
‘geophysical data into reconstructions of ocean 
basin volumes to show that global sea level was 
between 175 and 235 meters higher during the 
Cretaceous, when climate was much warmer than 
itis today. Moreover, by using a mantle convec: 
tion model to incorporate the effect of the 
dynamic topography ofthe East Coast of North 
‘America associated with the movement of the 
subducted Fallaron plate, some different sea-level 
reconstructions can be reconciled that had 
seemed to be mutually exclusive, 


Rings Around Rhea? 
Rhea, one of Satum’s largest moons, lies outside 
of the main rings of the planet and is heavily 


www. sciencemag.org 


cratered. As described by Jones et al. (p. 1380; 
see the news story by Kerr), Cassini recently flew 
by Rhea and was able to detect a depletion inion 
ized particles and electrons in Saturn’s magneto 
tail downstream of Rhea out to several radi ofthe 
moon. Analysis of the data and the geometry of 
the depletion imply that Rhea may have a ring 
system formed from dust lofted from the moon by 
impacts that caused the observed depletions, 


Model Citizens? 


‘Much has been made ofthe prosocial force of 
altruistic punishment in human societies—the 
willingness of some individuals to incur personal 
costs in order to coerce others into behaving in a 
cooperative fashion. Herrmann et al. (p. 1362; 
see the cover and the Perspective by Gintis) 
describe a large data set collected from university 
students across a range of societies. The frequency 
and extent of behaviors that were antisocial in 
‘nature—where individuals who had been pun: 
ished would react by punishing the cooperators— 
was correlated with previous survey data measur 
ing the social norms of civic cooperation and rule 
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| of law in these same societies. Cross-societal vai 
ation of this antisocial punishment was associated 
with cross-societal variation in cooperative behav: 
jor and was more prevalent in societies with, 
‘weaker social norms, 


Grand Canyon Dates 

The incision history of the Grand Canyon has been 
an unsettled issue, in part because common dat: 
ing methods that rely on the analysis of basalt 
flows and travertine do not provide any informa: 
tion on samples older than about 1 million years, 
In order to overcome this limitation, Polyak et al. 
(p. 1377; see the Perspective by Atkinson and 
Leeder) take advantage of technical advances in 
uranium lead dating methods to date cave mam 
millaries, a type of speleothem that forms only in 
caves at or near the depth of the water table, 
Because these structures are common throughout 
the canyon, the authors could construct a history 
of its incision that extends back 17 million years 
for much of the length of the canyon. 


Changing Stiffness 
with Solvents 


The sea cucumber can rapidly and reversibly alter 
the stiffness of its inner dermis. Capadona et al. 
(p. 1370) created a material that mimics these 
properties by combining a rubber copolymer and 
cellulose nanofibers taken rom tunicates. Addition 
‘of a hydrogen-bond: 
ing solvent causes 
the fibers to segre 
gate. Tis process can 
be reversed upon 
removal ofthe sol 
vent which causes a 
reaggregation of the 
fibers to form a percolating network. By interfering 
with the cellulose network inthis way, the stiffness 
‘of the composite can be altered by afactor of 40 


Seeing Over the Optical 
Event Horizon 


The event horizon ofa gravitational black hole 
represents a point of no return—particles inside 
this boundary including photons, cannot 
escape. However, the direct observation of the 
Continued on page 1305 
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event horizon and the possibility of verifying the proposed theoretical properties appear remote. 
Looking to fab-based analogies that may describe the underlying physics, Philbin et al. (p. 1367; see 
the news story by Cho) report to have found a connection between light propagation in optical fibers 

and black hole physics. They report on the observation of an optical event horizon and probe some of 


the expected properties, such as frequency shifting of probe light. The authors also propose a scenario 


for observing Hawking radiation 


Getting the Balance Wrong 

Cancer development les in the balance between tumor-suppressing activities and tumor promoting 
activities, Halazonetis et al. (p. 1352) review the accumulating evidence that oncogenes, which 
force cells into rapid cycles of cell division that lead to cancer, cause errors in DNA replication and 
‘accumulation of damaged DNA. Cells that detect problems with DNA replication can signal through 
the p53 tumor suppressor protein and delay cell cycle progression. Mutations in p53 that ae very 
common in cancer cells presumably bypass this barter to tumorigenesis 


Toward Designer Enzymes 

The creation of “designer enzymes” with new activities remains a challenge. Jiang et al. (p. 1387) 
take a step in this direction by computationally designing a retroaldolase that, in a multistep reac 
tion, catalyzes the breaking ofa carbon-carbon bond in a nonnatural substrate. Seventy-two designs 
representing four diferent catalytic motifs and 10 clfferent scaffolds were examined. Active-site 
designs that used charged side-chain networks to mediate proton transfer were less succsstul than 
simpler designs that used a water molecule. Close agreement between two crystal structures and the 
corresponding design models validated the design procedure; however, the catalytic proficiency of 
the designed proteins remains far from that of natural enzymes. 


Toward a Designer GAS Vaccine 


M proteins are antigenically variable cell-surface valence factors of group A Streptococcus (GAS) 
This organism is an important cause of human illness and notably provokes the autoimmune disease 
rheumatic fever. McNamara et al. (p. 1405) examined a fragment of M1 that binds to host fibrino: 
{gen and promotes inflammation 
The M1 protein consists of a-hel 
pereey ym —calcoiled cols bearing distinctive 
Ps structural features that impart 
an! itregularty and instability to the 

oiled coil. These features mimic 
‘muscle myosin and tropomyosin, which may explain postinfection autoimmune responses. Mice 
immunized with a mutant, stabilized M protein exhibited reduced harmful inflammation without 
compromising protective immune responses. 
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Fine-Scale Analysis of Human Variation 

Two reports examine patterns of human recombination that underlie some ofthe significant variation 
that exists among humans. Coop et al. (p. 1395, published online 31 January) genotyped individuals 
ina Hutterite population and identified the fine scale of recombination events between generations. 
Kong et al. (p, 1398, published online 31 January) examined parents in the Icelandic population to 
identify a gene associated with recombination frequency. Together, these studies point to a genom 
‘region affecting the variation in recombination levels among individuals 


Directly Modulating Glucose Homeostasis 


The concentration of glucose in the bloodstream is regulated by glucose itself along with the hor 
‘mones insulin and glucagon. Glucagon stimulates gluconeogenesis in part by regulating phosphoryl 
ation of a transcriptional coactivator known as cyclic adenosine monophosphate response 
element-binding protein 2 (CRTC2), Dentin et al. (p. 1402: see the Perspective by Bimmbaum) found 
that high concentrations of circulating glucose also regulate CRTC2, but doo through stimulation of 
the herosamine biosynthetic pathway and consequent O-tinked glycosylation of the same serine 
residue in CRTC2 that is modified by phosphorylation 
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caso cerry 


Bruce Alberts is 
Editor-in-Chief of Science, 


A New Editor-in-Chief 


IT IS WITH RECOGNITION OF UNDERTAKING A HUGE NEW RESPONSIBILITY THAT | WRITE MY 
first Editorial as Editor-in-Chief of Science. New science will be needed on our crowded 
planet to protect our environment, to insure our health, and to provide sufficient water and food 
for humanity. This publication isa major vehicle for the success of the scientific enterprise, both 
by spreading scientific findings and by promoting community standards. 

My predecessor as Editor-in-Chief, the former president of Stanford University, Donald 
Kennedy, has done a masterful job of steering this ship to make it maximally effec 
both scores. His nearly 8 years of leadership have created a new emphasis on the s 
sustainability, on science education, and on standards of openness and honesty in se 
He has exposed our readers to advances in the social sciences, as well as ina wide range of 
the natural sciences. He has broadened our international reach, establishing news bureaus in 
Germany, South Africa, and China, adding to those in the 
United Kingdom, France, Japan, and India. 

Don's strong support of young scientists is reflected inthe 
Science Careers Web site that he promoted. Never afraid of 
controversy, he has written more than 150 Editorials, many 
of them boldly defending the scientific point of view on 
everything from genetically modified crops to climate 

He has repeatedly insisted on the highest standards 

‘entific conduct. Urbane, witty, and engaging, Don has 

set a nearly impossible standard to follow. I salute his past 
achievements, which keave this magazine in excellent shape. 

Why did I accept this position? In many ways I see it as 
anextension of my 12 yearsas president of the US. National 
Academy of Sciences (NAS). As part of the National Acade- 
mies, the NAS published more than 200 reports each year. Most were in response to govern- 
ment requests, on topics that ranged from the health effects of arsenic in drinking water to the 
mentoring of science graduate students and postdoctoral fellows, I soon became painfully 
aware of the many opportunities to spread science and scientific ways of thinking that are 
being missed—in our failure to teach science as inquiry to most students, in our overly narrow 
definition of scientific careers in universities, and in the inadequate recognition of the truly 
international nature of science. 

Lalso became aware that sciet a remarkable social construct, which relies on constant 
vigilance to maintain the standards that make it so successful. It matters a great deal how we 
scientists treat our colleagues. reward excellence, share our data and resources, and relate tothe 
Public, whose taxes support the enterprise with generous research funding. Partha Dasgupta, 
Distinguished Professor of Economics at Cambridge University, has noted that “Today, we 
take it for granted that the Institution of Science has in place incentives which encout 

archers to disclose their findings for public use. But the emergence of those social 
contrivances which embody those incentives was not inevitable, nor did they emerge easily: It 
forts of scientists and their patrons to establish them. ..the Institution 

ence embodies a set of cultural values in need of constant protection ..” 

‘Science plays an important part in protecting this set of cultural values. It does so through the 
‘way that it selects the articles it publishes. enforces standards of honesty and data sharing, and 
makes all scientific articles freely available on the Web within a year afier publication. Equally 
important. it produces a vigorous News section that attempts to probe every aspect of science 

ith society with truth and integrity. 

1am at heart a scientist, and scientists love to tackle important challenges. The challenge of 
this new job is to vigorously explore how I and Science’s outstanding staff might make th 
Publication an even more effective agent for spreading science and its values throughout the 
\world—a world that desperately needs much more of both. 

Bruce Alberts 


10:126/sclenee. 1156722 
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ishy Affair 
Humans see chameleons as masters of camouflage. The lizards 
themselves seem to see more in it than predator avoidance. This family 
of lizards has evolved a range of talents, some merely changing skin tone, others 
changing color, too, All thanks to rapidly reacting neurally controlled chromatophores in 
their skin, Stuart-Fox and Moussalli used reflectance spectroradiometry, tuned to the spectral sensi- 
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tivities of the retinas of chameleons and of potential bird predators, to measure the conspicuousness of a 
variety of lineages of African dwarf chameleons in their preferred habitats. I the habitat is dense and complex, 
bird predators tend to be excluded, and there is less need for disguise. Here, the chameleons indulge in flashy 
aggressive behavior, changing color spectacularly in social displays; at least from a chameleon’s-eye view. In 
‘more open, hotter habitats it pays to live a drab and quiet life, avoiding the notice of predators, 
staying cool sand-colored and merely adjusting brightness during social exchanges. So, deep in the bush, what 
we perceive as subtly changing camouflage, chameleons perceive as flamboyant social signaling. — CA 

PLoS Biol. 6, €25, 10.137 journal pbio.0060025 (2008) 


'$ CLIMATE SCIENCE 
§ All Stirred Up 


i 


3 Mound 55 milion years ago atthe height of he 
Paleocene-Eocene thermal maximum, the world 
‘was a much warmer place than today. Sea surface 
temperatures were higher everywhere than now, 
© and the equator-to-pole thermal gradient was 
‘much shallower. Climate for much ofthe past 
500 million years has been warmer than itis now, 
and during the warm periods the surface merid 
: ional temperature gradient generally appears to 
have been weak. Explaining how the climate sys 
i tem might have transferred heat from low to high 


latitudes to maintain such a shallow thermal gra 
dient has been dificult, and many 

& hypotheses have been advanced, 

3 including those involving effects 

3 from radiative forcing by high con 

i centrations of atmospheric carbon 
dioxide, more intense ocean heat 

i transport, differences in the 
amounts and locations of polar 

§ stratospheric clouds, and extra 

$ tropical atmospheric convection. 

& Korty et al, using a coupled model 

5 of intermediate complexity, investigate 

another possibilty: that tropical cyclones could 

§ have caused enough ocean surface mixing in the 

8 tropics to cool the sea surface there and drive the 


70" 


strong poleward heat flux needed to produce 
the shallow thermal gradients that seem to have 
prevailed during warm climates. This solution, if 
Correct, also has implications for how we might 
expec the climate system to respond to anthro 
pogenic warming. — HIS 

J.Clim, 22, 638 (2008), 


BIOCHEMISTRY 
Anyone for a Cuppa? 


Jnhaling the soothing aroma from a mug of pep: 
permint tea renews the sense of wonder at the 
delightful mix of monoterpenes produced by the 
hybrid plant Mentha  piperita ts ol, which 
‘accumulates within a 
structure called a 
peltate glandular tr 
‘home, contains high 
levels of (-)-menthol 
‘and low levels ofthe 
precursor (+)-pulegone 
and the side product 
(@-menthofuran.the | 
critical balance between 


the activites of pule: 
Scanning electron one reductase (which 
micrograph showing produces menthones 

the peltate glandular that are converted into 
trichomes. rmenthols) and mentho- | 


furan synthase (which diverts pulegone into 
‘menthofuran) can be disturbed in lessthan-ideal 
environments, such as low light, 

Rios-Estepa etal, have collected the measured 
biochemical parameters of kinetic constants and 
‘metabolite concentrations, validated them where 
feasible against independently derived quantities 
(oland volume, oil density, and terpene molecular 
weight), and built a biosynthetic model that simu: 
lates the developmental time courses under opti: 
‘mal and low-light conditions of menthol, pule 
gone, and menthofuran levels. An earlier genetic 
engineering study had suggested that menthofu: 
fan turned down the transcription of pulegone 
reductase, but plugging this constraint into the 
‘model failed to reproduce the observed changes 
in terpene level. Instead, the observations could 
be replicated by assuming that menthofuran 
acted as a competitive inhibitor of the reductase, 
a supposition confirmed by Lineweaver-Burk 
analysis of in vitro enzyme assays. — GIC 

Proc. Not. Acad, Sci U.S.A. 105, 2818 (2008). 


CHEMISTRY 
A Fruitful Fuel Proposal 


Sustainable alternatives to gasoline and diesel 

{els will need to recapitulate some of the prop 

erties that make currently used fuels attractive 
Continued on page 1311 
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‘energy catriers, such as low vapor pressure and 
stable long-term storage. Horvath et al. exam- 
ined the properties of one such alternative, 
‘yvalerolactone (GVL—a small cyclic ester pro- 
‘duced by fruits and used as a food additive. 
Compared to methanol, ethanol, and methyl 
and ethyl tert-butyl ethers, GVL has a 
much lower vapor pressure, which 
reduces volatile emissions, and 
also low melting and flash 
points that facilitate safe 
storage. It is not readily 
hydrolyzed to the acid 
under pH-neutral condi 
tions, nor does it readily 
form peroxides. Because GVL 
does not form an azeotrope 
with water, less energy is 
needed to recover it through dis 
tillation, The authors have explored 
«catalytic routes to GVL from sucrose and con: 
clude that with further advances in synthetic 
efficiency from biomass, GVL could serve as an 
‘oxygenated fuel additive or even a fossil-fuel 
replacement on its own. — PDS 

Green Chem. 10, 238 (2008). 


ApPuieD pnysies 
Vapors Plucked on a Harp 


Optical or electronic devices that sniff out 
chemical compounds with high sensitivity and 
selectivity clearly have applications in a broad 
range of circumstances, from environmental 
‘monitoring to the detection of biohazards, 
However, the compounds of interest may not 
be in pure form; often they are diluted among 
multiple background substances, and such an 
artificial nose must therefore be able to sort 
through complex mixtures. Stievater et al. pres 
ent a chemical sensor based on a micro-opto- 
mechanical bridge that can be interrogated 
remotely using optics. Their device, a microharp, 
forms one end of a Fabry-Perot interferometer 
and comprises an array of microbridges in 
which each bridge is coated with a sorbent 
polymer sensitive to a particular analyte. 
Each bridge also has a istinct length and so 
vibrates at an individual frequency. When the 
device is placed in a test atmosphere, different 
compounds bind to particular strings on the 
harp, changing the mass ofthe bridge and 
thereby inducing a shift in the frequency at 
which it vibrates. Interrogating the vibrational 
frequency of each bridge separately allows 
monitoring of a vapor's chemicat composition 
remotely, and jn some cases (as for organo~ 
phosphonates) detection concentrations down 
to 17 parts per billion. — 1SO 

(Opt. Express 16, 2423 (2008). 


EDITORS'’CHOICE 


cet siotosy 
Doing Double Duty 


During cell division, centrosomes are important 
in the organization and maintenance of the 
mitotic spindle. Fielding et al. found that a 
kinase, integrin-linked kinase (ILK), 
known to be important in cell 
adhesion, also interacts with 
centrosomal and spindle pro- 
teins, including the main 
constituent of the mitotic 
spindle, tubulin, When 
ILK was inhibited, cells 


ILK (red) concentrates 
at the centrosome at 
the poles of the mitotic 
spindle (green). Con- 
densed chromosomes (blue). 


failed to assemble mitotic spindles prop: 
erly, resulting in aberrant chromosome segre- 
gation. The centrosomal protein RUVBL1 was 
‘important for 1LK targeting to the centrosome, 
and the activity of ILK was important for 
another centrosomal protein, ch-T0G, to pro: 
‘mote spindle pole organization and mitosis. 
This unanticipated role for ILK in promoting 
‘centrosomal organization, spindle assembly, 
and chromosome segregation may represent 
an important link between cell adhesion and 
‘mitosis. — SMH 

J. Cell Biol 180, 681 (2008), 


HUMAN GENETICS 
An Autism Association 


‘Although autism is highly heritable, sorting out 
the genes associated with this complex disease 
thas been difficult. Weiss etal. searched for 
structural mutations (duplications or deletions 
‘below the level of microscopic detection) in the 
‘genomic DNA of 751 families who are part of the 
‘Autism Genetic Resource Exchange. They found a 
significant association of autism with a neatly 
£600-kb region that was deleted or duplicated at 
«locus on chromosome 16. This structural 
‘mutation was also observed in patients from 
Children’s Hospital in Boston and in a group 
from Iceland. It occurred at a frequency of 
approximately 1% in patients as compared with 
{ess than 0.1% of the general population. It 
‘might result from unequal crossing over at this 
tegion of chromosome 16, which is a known 
hotspot for deletion and duplication and is. 
bordered by two duplicated regions. Autism may 
‘represent the summation of a series of rare 
events, whose detection wil require screening 
tens of thousands of patient samples. — 8} 


‘N.Engl J Med. 358, 667 (2008). 
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Order today, 
oligos tomorrow 


Next-Day Service for 
custom DNA oligos 


Invitrogen’s new U.S. 

express service allows you to order 
oligos and receive them the next 
business day, Just order online 
before 2 p.m. eastern time. 


Get 2 OD units guaranteed minimum yield 
25 nmol scale) for tube DNA oligos 7 to 40 
bases in length, with the same quality contro 
as our standard oligos, 

On-time shipment is quaranteed—if we 
don't ship your full order on time, the $1995 
Next-Day Service fee will be credited back 
to you. Next-Day Service is available in the 
United States only, 


Place your order now at 
www. invitrogen.com/oligos. 


__ éinvitrogen.___—_ 
esc 
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Budding Scientists 


How does your garden grow? A team of ecolo: 
sists and climate scientists wants to know. 
Project BudBurst invites the public to record the 
timing of leaves, flowers, and fruits to help track 
climate change. Part of the USA National 
Phenology Network (NPN), the project began in 
2007 to foster consistent continentwide monitor- 
ing of phenology—the timing of annual biologi 


cal cycles. Participants from across the United 
States enter their reports on the Project BudBurst 
Web site, and university and government 
researchers will analyze the data. 

Jake Weltzin, a government ecologist and 
NPN executive director, says the network aims 
to understand how climate variation affects 


‘ecosystems, Plant phenology isa "sensitive 
integrator” of environmental factors, he says. 
For example, the timing of lilac blooms in the 
western United States is one of the best ways to 
predict a wildfire year 


To monitor how plants respond to climate, 
NPN will maintain a database that includes 
contributions from trained researchers and 
Project BudBurst participants. In 2007, a test 
run of BudBurst fielded 913 observations from 
26 states, Sandra Henderson, a science educa 
tor and Project BudBurst coordinator, says the 
program captured the public imagination 
because ofthe climate change connection 
“People don’t want to sit on the sidelines and 
be passive observers,” she says 


Without Bounds 


Bound encyclopecias can't 

hold a cursor to the multime 

dia display ofthe first part of 

the Encyclopedia of Life (EOD, a 

Web site assembled by a consortium 

‘of 25 museums, botanical gardens, and other 
scientific institutions. The effort, funded in part 
by $12.5 million in grants, aims to provide one: 
stop shopping for biodiversity for scientists and 
the public. Launched last year (Science, 11. May 
2007, p. 818), EOL wil come online in stages. 
The first phase, unveiled in late February, 
includes information on 30,000 plants and 


animals. Eventually the site will 
incorporate images, distribution 
maps, life histories, and identifi 
‘ation data for each of Earth's 
1.8 million known species. 

The first entries were built 
using multiple existing sources, an 
effort the collaborators hope to automate in the 
future. The fst set of pages concentrates on 
fish and amphibians, as well as plant related 
to peppers, tomatoes, and petunias. Work on 
the project is ongoing. Homever, scientists note, 
sven the rapid rate of new species discovery, 
it’s 3 project that likely will never be finished. 
>> wew.eol.org 


Let the Sun Shine 


Researchers from Australia and Hong Kong plan 
to take the wash out of washday with fabrics that 
clean themselves. The self-cleaning property 
comes from coating the fibers with nanocrystals 
of titanium dioxide, a photocatalyst that decom 
poses dirt and stains when exposed to light 


N 


MA 
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New TiO, infused fabric is 
self-cleaning when exposed to light. 


Kong Polytechnic University 
describe ther findings in 
the 26 February issue of 

Chemistry of Materials. 
The photocatalytic prop: 
erty of titanium dioxide is 
well known. Daoud and his 
colleagues developed a treat 
ment for fabric fibers that 
chemically bonds the titanium dioxide 
nanocrystals to the fibers. Although sunlight 
produces the best results, the self-cleaning 
works under any light source, even while the 
clothes are being worn, The crystals also inhibit 
the growth of odor-causing bacteria 
Daoud foresees initial applications in clothing 
for campers and soldiers. “But the target is really 
to reduce the consumption of water, detergent, 

‘and energy used in laundering and dry cleaning,” 

he says. The treatment shouldn't increase the cost 

‘of fabric production, says Daoud, who is negotiat: 


Walid Daoud, a chemist at Monash University in 
Churchill, Australia, and colleagues at the Hong 


True Blue 


Bowls, ritualistic objects—even people—were 
painted a brilliant turquoise blue before being 
‘offered up as sacrifices by the Maya, the original 
residents of the Yucatan Peninsula. Now, 
14th century pottery recovered from an 
ancient sacrificial well reveals just how 
the Maya created the blue pigment. 

The Maya started using the pigment 
known as “Maya blue” about 500 CE 
Researchers knew that its ingredients 
included indigo and the clay mineral paly 
‘Gorsite, but the rest ofthe preparation process was 
Unknown. Studies of a Maya bow found at the bottom of 
the Sacred Cenote, a famous sacrificial wel in Chichén 
Itza, showed traces of a resin incense called copal. 
Researchers now believe that when heated, the copal 
fused the indigo and palygorskite together, producing 
the long lasting blue pigment. 

Archaeologist Dean Arnold of Wheaton 
allege in Wheaton, Ilinois, came across the 
bow, which had originally been uncovered 
in 1904, while examining collections at 
the Field Museum in Chicago. In Maya cul 
ture, each of the three ingredients had healing 
ower, says the Field Museum's Gary Feinman. “The 
Postclassic Maya appear to have used this pigment as 
2 key component in rituals that petitioned for rain to heal 
the Earth from drought and desiccation,” he says. Arnold's team 
reported the findings online 26 February in the journal Antiquity. 


ing with potential industria partners. Sel-cleaning 
fabrics could be on the market in 2 years 
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HEROIC. Michael Kelley, an oncologist and basic researcher at the Veterans 
ter in Durham, North Carolina, routinely gets calls from 
him for health advice. But Josh Sommer is the first 
action to being diagnosed was to “roll up [his] sleeves 
and say. “I want to work with you and in your lab, 

Sommer, a junior at Duke University in Durham, found out in 2006 that 
he had chordoma, a rare cancer that afflicts one in a million people with 
tumors at different spots along their spinal column. The news prompted him 
and his mother, physician Simone Sommer, to launch the Chordoma 
Foundation to foster collaborations among the small community of chor- 
doma researchers around the world, Sommer, who switched from environ- 
mental engineering to biomedical engineering after learning of his illness, 
also works part-time for Kelley analyzing the gene expression of different 
chordoma and normal cell lines, 

“I think they've eatapulted the research light 
Spector, a cancer drug development expert who has fou 
dence that an existing chemotherapy drug may prov 


il 
d preliminary evi- 
¢ helpful against chor- 


THEY SAID IT 


“itis a moral outrage that a wealthy country 
like the United States allows its closest 
neighbors to suffer from some of the 
world’s worst levels of disease, poverty, 
and malnutrition. ... By transforming 
Gitmo from a detainee facility to a center 
for research on the diseases of poverty, the 
U.S. would show that it sincerely wants to 
address the Millennium Development Goals 
in Latin America and the Caribbean, and 
ultimately make things better for the next 
‘generation of all Americans.” 


Peter Hotez, editor-in-chief of PLoS 
‘Neglected Tropical Diseases, offering a 
bit of unsolicited foreign policy advice 

about Guantanamo Bay in the February 
issue of the journal, 


MOVERS 
AKEEPER, Six months after a stalled attempt to 
appoint a head of geosciences, the National 
Science Foundation 
(NSF) has named 
space physicist 
Timothy Killeen to the 
job. Killeen currently 
heads the National 
Center for Atmospheric 
Research (NCAR) in 
Boulder, Colorado, 
The geosciences 
directorate has been 


without an assistant director since January of 
last year. NSF asked oceanographer Mark 
‘Abbott of Oregon State University (OSU), 
Corvallis, in July of last year to fill the job. 
‘Abbott later withdrew after NSF's lawyers 
told him that his close managerial ties to 
OSU posed too many conflicts of interest 
(Science, 17 August 2007, p. 879). NCAR 
receives 70% of its $150 million budget 
from NSF, but Killeen says he’s stepping 
down as director to become a senior scientist 
and "will not be involved with funding 


In the News >> 


SECOND LIFE. Korean veterinarian Byeong Chun Lee, who 


doma, Sommer is “a phenomenally gifted young man,” Spector adds, 


decisions, advocacy, and other matters rela- 
tive to NCAR.” 

Killeen says his 8 years as director of NCAR 
have taught him that being a science adminis- 
trator “is all about people, facilities, manag- 
ing effectively, and keeping an eye on the sci 
ence.” He'll join NSF in July after completing 
his 2-year term as president of the American 
Geophysical Union in Washington, D.C. 


Got a tip for this page? E-mail people@aaas.org 


collaborated with disgraced stem cell researcher Woo Suk 


Hwang to create the world's first cloned dog, Snuppy, és now 


trying to clone a deceased pit bull terrier named Booger. 
Booger was owned by a California woman, Bernann 

‘McKinney, who banked some of his ear tissue after his death 

in 2000. She recently placed a $150,000 order with a Seoul- 

based biotech firm, RNL Bio, to have the dog cloned. Under 

‘an agreement between RNL Bio and Seoul National 

University, the cloning will be done by Lee and his col- 

leagues at SNU. If successful, it will be the first commercial 

cloning of a dog in the world, which could launch an era of 

pet cloning. (The tissue bank company McKinney used, 

Genetic Savings and Cloning, successfully cloned a cat for 

'$50,000 in 2004 before being acquired by Viagen, a California company that clones livestock.) 
Lee made headlines in 2005 as part of a research team that cloned an Aighan hound. 

‘Although most of Hwang's other accomplishments turned out to be fraudulent, Snuppy stood 

Up to scientific scrutiny. During its investigation of the Hwang affair, SNU officials found Lee 

uilty of embezzling funds but allowed him to stay on because of his accomplishments. 
Since Snuppy, Lee has cloned a number of other dogs and a wolf. He plans to detiver 


Booger’s clone by February 2009. 
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NATURAL DISASTERS 


Ecologists Report Huge Storm 
Losses in China's Forests 


GUANGZHOU, CHINA—From de! 
and magnolias to rare Chinese yews and 
Kwan 
Nai 


ate orchids 


tung pines, the flora of Guangdor 


ing National Nature Reserve is consid- 


gists call the 
But win- 


ed so precious that ecol 


reserve “ain 


sure trove of spec 
s have reduced the 
biological hot spot to a 
splintered ruin, Snow 

sleet, and ice laid waste 

to 90% of the 58,000- 
hectare reserve’s forests, 


Jirector 


Forestry 
jon in Guangzhou, 
Nanling Reserve is one of scores of 


Administr 


fragile ecosystems, from 


the east to Guangdong Province in the south, 


that took a beating from storms in late January 
and early February that set records for snow= 
fall and low temperatures in some areas. Last 
week, China's State Forestry Administration 
(SFA) announced that the storms dam: 
sath of Ch 
roughly equ 


20,86 million hectares —on 


forests and plantations alentto 
the number of hectares that were reforested 
between 2003 and 2006, SEA p 
at 88 billion, “The severe storms did a massive 
amount of harm,” says Li Jiangiang, a plant 
taxonomistat Wuhan Botanical Garden, “This 


the losses. 


seale of damage has never happened before.” 
He Kejun and others say it will take decades 
for the hardest-hit ecosystems to recover. 

The ecological and economic toll rivals 
that of devastating floods along the Yangtze 
River in 1998 that inundated 25 million 
hectares of farmland. For broadleaf ev 
forests, “this is bigger than the ¥ 
ter, It's unique in the history of south 
China,” says Ren Hai, an ecologist with 
the South China Botanical Garden (SCBG) 
in Guangzhou, SEA and othei 


green 


encies have 
nd formu- 
‘The government is 


dispatched scientists to take stoe 


late restoration plans, 
ery. very fst,” says Ren 
In southeastern China’s worst winter in 


5 decades, snow and ice knocked out power 
and paralyzed roads and rail lines at the height 
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of the year's busiest travel season—the Spring 


Festival, when many Chinese return to their 
hometowns. The storms pummeled 21 of 


Disaster scene. Storm damage was more severe in 
‘eight provinces (ed); devastation at Nanking reserve. 
displacing nearly 1.7 million people, accord- 
ing to central government statistics. Agricul- 
ture officials estimate that 69 million live- 
stock—mostly chickens and ducks—froze to 
death. Storm-related losses exceed $21 bil- 
lion, As Science went to press, electricity had 
still not been re 
Scenes of sen 


ored to some remote areas. 
sat train stations and veh 


cles adrift on highways were splashed across 
the news in China and abroad last month, 
Meanwhile, outside the spotlight, an ecologi 

cal calamity was unfolding. In Jiangxi 
Province. for example, entire bamboo forests 
were reduced to matchsticks; fast 
bamboo can regenerate in several years. In 
Guangdong, officials estimate that more than 


owing 


SCIENCE 


Aring around a 
moon? 


700,000 hectares of forest and plantations are 
damaged severely, with losses approachin, 
$1 billion, Other provinces enduring extensive 
forest damage are Anhui, Guangxi, Guizhou, 
Hubei, Hunan, and Sichuan (see map). 

The « 
ecosystems, “Exotic species were harmed 
more than native species.” says Ren, In nor 


nage was not limited to natural 


Province, plantations of 
slash pine (Pinus elliott), an import from 
the southern United States, splintered under 
wet snow, and extensive stands of Australian 
gum trees “are almost all going to die,” Ren 
predicts. At Wuhan Botanical Garden in 
Hubei Province, the roof of 3 
s larg 


eenhouse 


housing As 


est assemblage of aquatic 
ed in under heavy snow, "A unique 
collection has been lost,” says Wuhan 
botanist Li Xiaodong, 

SCBG scientists maintain lon 
anling that will allow 
ecosystem damage and recov= 
ery, At the moment, the picture is bleak. 
Nanling’s entire forest between 500 m 
and 1300 meters in ele 


plants e 


experimental plots at 
them te 


jon was wiped out, 
re the storm, we could hear 
in the reserve. Now it is mostly 


says He. “Bel 


birds 
silent,” he says, Many bai xian, or silver 
pheasants—Gi 
succumbed to the severe weather, and 
carcasses litter Nanling’s trails, says He, One 


gdong’s official bird 


worry, he says, is that epidemics will erupt 
this spring in the storm-sapped animal popu- 
lations and 


nong migratory birds. 
With support from Guangdong Province’s 
government, SCBG plansto send teams of sei- 
entists to several of the most devastated forests 
to survey damag 


andl to set up test plots that 
will track everything from spe 


Ss compo- 
sition to the susceptibility of the degraded 
forests to insect pests and fires. 

The storm damage lends urgency to a 
new national strategy for plant conservation 
released last week by SFA, the Chinese 
Academy of Sciences, and the State Envi- 
ronmental Protection Agency. Under the 
manifesto, crafted with help from Botanic 
Gardens Conservation International, a 
Richmond, U.K.. nonprofit, China has 
pledged to launch a nationwide survey of 
species and habitats, construct a national 
herbarium, crack down on ill 
and establish by 2010 a system to mo 
and protect China’s 31,000 plant species, 
more than half of which are native, Some > 
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3000 plant species in China are thre: 
with extinetion, 
As damage assessments proceed, SFA has 


d 


established a disaster relief technology 
and will hold an en 


ganlens are doi 
work hard to 


g their part, too, “We must 
ation and lessen the 
‘We want 
find a way to help natural ecosystems 


extent of damage,” says Ren. 


ANIMAL RIGHTS. 


recover with minimal human disturbance.” 


tering to remove downed timber. 
could reduce 


wildfire risk, it could exacerbate erosion. 
further de 
the restor: 


ecosystems. The bulk of 
ion work is likely to focus on 
economic recovery: rehabilitation of plan- 
tations, The storm's nath should also 


spurlon 


-term research on plant cold toler- 
s Li Jiangi 

The immediate task is picking up the pieces 
fier the worst winter in recent memory, “We 
cherish our endangered species.” says Li. But 
for some of the precious plants at Wuhan 
Botanical Garden and in southern China's 
battered reserves, he says, “there is nothing we 
can do to save them, RICHARD STONE 
‘With reporting by Li io in Being, 


Brazilian Scientists Battle Animal Experimentation Bans 


scientists are fighting a series of 
mpts to ban animal experimentation 
that they say could cripple scientific research. 
At the top of their list; a controversial law 


passed 2 months ago by the city of Rio de 
I 
at private companies. Res 
that a comprehet 


ro thy 


prohibits all animal experiments 
archers are hopit 


ive federal bill addressing 


animal experimentation, which has been lin- 
gering in the Bravilian Congress for 12 years, 
‘ill put a stop to such local bans, 


The battle in Rio, a major biomedical 


research hub, has gone on for more than 


2 years, In 2006, the city council passed an 


animal-welfare law, introduced by actor- 
olitician Cliudio Cavalcanti, that 
‘would have banned all animal experiments in 
the city, Mayor César Maia vetoed the bill, A 
second version, passed in September 2007. 
nd public 
organizations such as the Instituto Oswaldo 
Cruz (Fioeruz), major vaccine producer. 
Maia vetoed that one, too. But the council over- 
rode his veto on 26 December. 


made an exception for universities 


The law has not taken effect yet. and the 


mayor does not appear in a hurry to enforce it, 


i 

i 

& saysanimal physiolo 

§ ofthe Feral University in So Pal, pres 
§ dent of the Federation of Brazilian Societies 
3 of Experimental Biology. But if enforced. the 
H 

- 

E 

2 

8 

e 

H 
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ban could force several Rio biotech compa- 
nies out of busi 


Eduardo Ki 


ss. “I's a crazy law." says 
, a former president of the 


A comparable far-reaching bill was 
approved in December by Florianopolis, the 
capital of the southern state of Santa 
Catarina; that law was replaced by the city’s 
mayor in February with much less 


egislative plans 
are afoot in other cities, 


Bra 


I research should not 
be a local issue and are 

jguing for a federal law. 
Indeed, such a bill was 
introduced in 1995 by 
Chamber of Deputies 
ember Sérgio Arouca, 


who was once director of 
Fioeruz: it would ban an 
mal experiments if other 
tematives are available, 


require ethics committees 
toapprove studies, and set 
up a national council to 
sidelines. But the 
bill never came to a vote, 
and Arouca died in 2003. 
Researchers 
“Arouca’s law” would 
protect them from a wave 
of municipal or state ini- 
jatives, and they have 


issue 


the bill oa 
rights activists oppose it, however. Ethics 
panels. which already exist at the majority of 
research institutions, are dominated by 
;ntists and rubber-stamp proposals, says 
George Guimaraes, director of Ethical 
Vegetarianism, Animals Rights Defense 
and Society, a Sao Paulo-based group, 
The researchers’ lobbying appears to have 
paid off, says Mello, with “support from left to 
right” in Congress. And recently. Brazil Presi- 
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No petty issue. Cliudio Cavalcan 
pushing for a ban on animal experiments 
to include the Instituto Oswaldo Cruz (top. 


dent Luiz Inicio Lula da 
Silva, who has made ad 
ing research a national pri 
ority, named Arouca’s 


law among his 


tive priorities, Guimaries 
agrees that the federal bill 
is now likely to pass. Buta 
legislative stalemate in the 
Congress, unrelated to the 
bill, could make it hard to 
passany kiws at all in 2008, 
Mello warns 
Cavaleanti says that he 
\wants Rio mayortoenforce 
his law: he will also rein- 
troduce the proposal for a 
total ban this year, Ofti- 
cials at Fioeruz big yellow 
cine producer 
have warned that such a 
move could imperil rou- 
tine quality testing of vac- 
cines. But Cavalcanti stys 
that he does not believe 
animal research can bet 
fit human health. A si 
issue politic 


fever v 


n, he has 
offered tobecome: 

imself ifit can help swe animals, 
my mission, my only reason for living,” 
Scientists should do more to counter the 


crue! image of animal studies that activists 
have promoted and explain why such work is 
necessary, says Walter Colli of the University 
of Sio Paulo, “We are guilty of not having 
done enough to influence public opinion,” he 
says. “The average citizen is confused.” 
MARTIN ENSERINK 
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Test of Hawking's Prediction on the 
Horizon With Mock ‘White Hole’ 


Physicists can't travel toa black hole to see how 
it ticks, but they have taken a big step toward 
‘creating something similar in the lab. Usit 
“optical fiber and laser light, UIf Leonhardt of 
the University of St drewss in the U.K, and 
colleagu mulated a “white ho 
sentially a black hole working in reverse—as 
they report on page 1367. The model might 
soon mimie perhaps the most tantalizing prop- 
erty ofa black hole: the “Hawking radio 
that should emanate from it, 

Others have cooked up analogs, but “this is 
probably the first one that has some correlation 
to the Hawking effect.” says Grigori Volovik, a 
physicist at Helsinki University of Technology 


No go. Current can stop fish moving upstream and mimic an event _tene 
horizon. A pulse in an optical fiber captures the physics, too. 


in Finland who is working on a mode in liquid 
helium, “This is some kind of a breakthrough.” 

Formed from the collapse ofa star, a black 
hole slike a funnel-shaped pit in the fabric of 
space and time. Light or anything else that 
Ventures into the funnel cannot get back out 
‘once it passes a point of no return known as 
the event horizon. In contrast, a white hole 
\would resemble a mountain in spacetime so 
steep than nothing could reach the summit ft 
\would have an event horizon that marks the 
point of closest approach. Unlike black holes, 
white holes should be unstable, and none are 

thought to exist. 

§  Inprinciple,simulatingan event horizon is 
simple. Consider river filled with fish swim 
ming upstream at maximum speed. I the fish 

i reach a point where the water flows as fast as 


they can swim against it, they will pile up 
2 there (see figure, above). That point simulates 


www-sciencemag.org 


a white-hole horizon, and theorist William 
Unruh of the University of British Columbia 
in Vancouver, Canada, and colleagues have 
experimented with fluid analogs. 

Leonhardt and colleagues took a different 
tack. They fired a pulse of infrared light down 
an optical fiber. Crucially, the intensity of the 
pulse itself altered the speed at which light 
‘could travel in the fiber. The researchers then 
shot in light of a second, longer infrared wave- 
Jength that moved slightly faster than the pulse. 
As that light caught up to and “ascended” the 
pulse, it slowed until at some point its speed 
‘exactly matched that of the pulse. 

That spot on the pulse simulated the event 
horizon, and lightaccumulating 
there was compressed to a 
slightly shorter wavelength 
That squeeze made the light 
travel slowerthan the pulse. soit 
effectively rolled back down the 
peak and fell behind. The 
researcher detected the telltale 
wavelength shift and other evie 
dence that the light was piling 
upon the borizon. 

The next goal is to see 
Hawking radiation, Leonhardt 
says. Thanks to quantum 
mechanics. the vacuum roils 
with photon pairs that nor- 
mally pop in and out of exis- 
100 quickly to be observed. 
Butneara black bole, one parti- 
cle might emerge beyond the 
event horizon and fall in while its partner 
emerges outside and escapes. as theorist 
Stephen Hawking argued in 1975, So.a black 
hole ought to glow like an ember, although far 
too feebly to be seen through the cosmic 
microwave background. 

The white-hole analog ought to radiate, 
too, Leonhardt says. Like warped spacetime 
near a black hole, the wildly varying speed of 
light in the fiber can rip particles out of the 
‘acutum. So the pulse should shine faintly but 
detectably in ultraviolet wavelengths. 

‘Seeing that glow would be key. Unruh says, 
because in spite ofits fame, Hawking radiation 
remains unconfirmed. If physicists spot its 
equivalent in an analog, Unruh says, “then you 
get alot, lot more faith that the prediction is 
solid.” Volovik agrees: “If they really see 
Hawking radiation, I think Hawking will 
finally get his Nobel Prize” ~ADRIAN CHO 


Crash in Antarctica Kills Two 


helicopter crash in Antarctica has claimed 
the lives of two people and injured three. 
Willem Polman, 45, a technician at the Royal 
Netherlands Institute for Sea Research (NIOZ), 
vas killed on 2 March when a helicopter based 
‘on the research ship Polarstern crashed near 
the German Antarctic station Neumayer I. The 
German pilot, 37, was also killed. Three other 
‘passengers were injured, two of them seri 
‘ously, according to the Alfred Wegener insti 
tute (AW) in Bremerhaven, Germany, which 
‘operates both the ship and the coastal 
Neumayer station, 

The ship is on a 10-week voyage to invest: 
gate the Southern Ocean as part of the Inter 
national Polar Year, One ofthe injured is Dutch 
scientist Maarten Klunder, 27. Two others, a 
24-year-old German helicopter technician and 
25-year-old female French researcher, were 
also injured. NIOZ announced the names of the 
{two Dutch researchers, but AW! has dectined to 
‘name the pilot and the other researchers, cit 
ing German privacy laws. The news of Polman's 
death “hit all of us like a bomb,” says Jan 
Boon, a NIOZ spokesperson. “We still have 
trouble believing it.” After the injured are 
evacuated, Polarstern is expected to continue 
its voyage, which is scheduled to end in Punta, 
‘Arenas, Chile, on 16 April. The cause of the 
crash is unclear; the weather at the time was 
apparently good. AW is working with the 
German Aviation Authority to investigate, 

™~GRETCHEN VOGEL AND MARTIN ENSERINK 


New Suit for Penguins 

The U.S. government is moving too slowly to 
protect 10 species of penguins against 
‘mate change, says. suit filed last week by the 
Center for Biological Diversity (CBD), a Tucson, 
Arizona-based environmental group. Accord 
ing to legal code, the U.S. Fish and Wildlife 
Service (FWS) was supposed to decide by the 
end of November whether to list the penguins 
under the Endangered Species Act, which 
‘would require tighter regulations on fisheries 
and review of greenhouse gas emissions by 
‘government agencies. Chris Tolleson, an FWS 
spokesperson, says a decision will be finalized 
in the “next few weeks.” 

But environmental physiologist Won Le 
‘Maho of the French national research agency in 
Strasbourg, France, says that without a “big 
movement against climate warming, [official 
protection ofthe penguins] may be hopeless.” 
I the U.S. government's answer is no, CBD says 
‘twill sue again, 


ELSA YOUNGSTEADT 
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LARGE FACILITIES 


NSF Delays Three Projects to Get Better Handle on Costs 


After a decade of making their case to the 
US. National Science Foundation (NSF), 
nning a major project for 
Fthe oc 

they had cleared the final hurdle in Decet 
ber. That's when an external panel blessed 
the $331 million venture, called the Ocean 
Observatories Initiative (OI), and told 
NSF officials 
design and construction phase” to b 


ns thor 


0 enter into the detailed 
ld it 
“We were ready to go, and the reviewers 
agreed,” says Steven Bohlen of the Consor- 
tium for Ocean Leadership in Washington, 
iexe he project 

So Bohlen and his colleagues were 
shocked last month when NSF omitted 


which isn 


na 


building funds for OO and two other long- 


running projects on the ver 
tion—the $100 million National Ecological 
Observatory Network (NEON) and the 
5123 million Alaska Region Research Ves- 
sel (ARRV)— from its 2009 bud 
to Congress. It's part of a new 
policy aimed at eliminatin 


et request 


cost 


overruns that occur after con- 


Those 


struction is under way 
overruns have not only forced 
NSF 
accounts, but they can also lead 
to last-minute changes that 


to borrow from other 


weaken a project's scientific 
capabilities. Under the previous 
policy, a project was approved 
based chiefly on its scientific 
merit; it might be years before 
NSF arrived at a final price 
based on all relevant factors. 
Now, NSF is requiring a firm 
cost estimate before asking 
Congress for construction funds. 


Scientists whose projects 
face delays of a year or more 
‘pleased about the sudden 
policy shift. But they under- 
stand why NSF is asking them 
to go back to their calculators 
“Ws 


ot good news for the sei- 
says Terry Whitledg 

director of the Institute of 
Marine Science at the Univer- 
sity of Alaska, Fairbanks, which 


et environment. 


toall of usis 
me back to us 


And their mess: 
clear: Don’t ci 
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The new rules mark the latest attempt by 
NSF, an agency known for its expertise in 
ndle on 
ge projects. The 


small se 
expandi 


facilities can cost upward of $300 million 
tobi 


Id and tens of millions of dol 


a sizable commitm 
$6 billion agency. The policy affects four 
projects now in NSF's major research 


equipment and facilities construction 
account—ineluding the Advanced Techno 
gy Solar Telescope in Hawaii, wh 
listed as a new start for 2009 altho 
currently still in the design phase 
asall future proposals 

The large-facilities account was 


sated 


more than a decade ago to 
ticket items s 
from the a 


gate big 
h as ships and telescopes 


y's bread-and-butter research 


and education programs, But the commu 
nity was so unhappy with how NSF's 01 


to shore. A national ecological network (top) and a new Arctic 
research ship have been temporarily pulled from NSF's construction budget. 


SCIENCE 


sight body, the National Science Board, 
approved and ranked projects that it 
plained to Congress, which ordered up a 
review by the National Academies’ National 
Research Council. Its 2004 report recom- 
mended that the process be more rigorous 
and transparent (Science, 16 January 2004, 
p. 299). NSF Director Arden Bement says 
the 
by setting up a new administrative office 
and monitoring each project more closely 
Even so, last month Bement went one 
step further. Although NSF has spent mil- 
lions on each project to help scientists lay 
the groundwork, Bement says he won't ask 
for construction funds until each has passed 
a fins 
cost estimate anda detailed a 


m- 


ency has embraced those su; 


yestions 


project review that includes a firm 
illysis of envi- 
ronmental and regulatory issues, “It’s 
huge culture change for the foundatioi 
says a White House official familiar with 
how NSF manages its a 

An rough vetting 
could shorten the actual con- 


projects, 


struction time, Bement says, 
and reduce the chances that a 
project would need to be 


“descoped™ to stay within its 


budget. He says the new rule 
also brings NSF practices closer 


to those at other federal agen- 
cies, such as the Department of 
Energy and NASA, which have 
more experience building and 

wanaging large scientific facili- 
ties and instruments, 

NEON’s checkered history 
highlights the problems Bement 
is trying to correct. NSF first 
requested money for NEON 
some $12 million 
2001 bu 
Di 

‘a continental-scale research 


in its 
get request. Then-NSF 
ector Rita Colwell called it 


instrument consisting of 10 geo- 
graphically distributed observa- 
tories, networked via state-of- 
the-art communications, for 

tegrated studies to obtain a 
predictive understanding of the 
nation’s environments.” But the 


initial design was reworked sub- 
stantially after scientists raised 
numerous objections. Last 
spring, the community came up 
with the current version, which 
features a network of 20 core 


wwwisciencemag.org, 


sites and 40 “relocatable” sites. 
The core sites are expected to 
provide a 30-year longitudinal 
record of myriad factors, 
whereas the other sites will focus 
‘on narrower scientific questions 
and capture more transient envi- 
ronmental events. 

Despite those ups and downs, 
its price tag never varied, David 
Schimel, who runs the Boulder, 
Colorado-based consortium 
responsible for building NEON. 
says the original $100 million 
figure announced in 2001 “was 
not based on anything.” The new 
policy, he says, allows project 
leaders to do it right, “NSF has 
actually done us a huge favor by 
unshackling us from that 
$100 million estimate,” he says, 
“Now we can start over and come: 
up witha new, more realistic baseline, Need- 
Jess to say, the new figure will be higher” 

Just as important as the initial construc- 
tion cost, says Schimel, is the estimated 
$30 milliona year needed to operate 
tain the network, “That's the real constraint, 
he says, “We don’t want to gut the commu 
hity’s research budget [at NSF] by building a 
facility that’s to0 costly to operate.” Proj 
scientists are hoping to incorporate several 
features to reduce labor and maintenance 
costs in the final design, he says. According 
NSF's 2009 budget request includes $26 mil- 
lion for NEON from its research account, in 
part to fund the additional work needed to 
‘come up with a more efficient design. 

Project leaders for OOL, which is 
expected to cost $50 million annually to 
‘operate, say they made similar hard choices 
in preparing for the preliminary design 

B review NSF conducted in December. The 
‘observatories will gather data on coastal, 
regional, and global scales, and the commu 


§ nity has been ruthless in paring each system 
§ down to the bone, says Holly Given, the con- 


For 


ities imple, Bohlen notes that only 
5 three sites remain from an original plan for 
§ 10 blue-water autonomous buoy systems. 
in the Southern Ocean off the Chilean coast, 
the North Atlantic near Greenland, and the 
i Gulf of Alaska in the northern Pacific. “As 
we refined our cost estimates, we had to 
scale back and concentrate on what was 
3 most important scientifically.” he explains. 
The cost of some components can’t be 
§ nailed down until the plans are actually sent 
out for bids, Bohlen says. Referring to the 
5 five sets of seabed cables that will connect 
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Oceans 3. 00! 
aled back to three 


Juan de Fuca Ridge off the coast of Wash- 
ington state, he notes that “the market price 
for those materials and sensors, plus labor, 


can vary alot.” NSF is seeking $10.5 million 
in 2009 for OOI for continued planning. 
ientists involved in the Alaska 
research vessel are acutely aware of how the 
economy can wreak havoc on carefully laid 
scientific plans, Whitledge estimates that 
NSF's new policy will add 12 to 18 months 
to the project's scheduled solicitation of 
bids in 2010—ata price yet to be calculated, 
“Shipyard costs have been going up by 
20% a year.” Whitledge says, because of the 
rising cost of steel and other raw materials 
and industry's demand for new and refur- 
bished exploration ships triggered by 
$100-per-barrel oil prices. A delay also 
means a longer wait for data on the impacts 
of climate change in the Arctic, he notes. 
The ship will replace the Alpha Helix, a 
40-year-old research vessel that the uni 
sity retired in 2004. 

Bement doesn’t pretend to have all the 
answers for managing large facilities. “I'm 
convinced that we can do a lot bette 
told Representative 
(D-WY), chair of the House panel that sets 
NSF's budget. during a hearing last week 
‘on NSF's 2009 budget request. But the 
problem clearly has his full attention 
When Mollohan asked about one projec 
Bement brushed aside the chair’s sugges: 
tion that he turn to one of his aides for the 
details. That won't be necessary. Bement 
replied: “I know the answer. I get a report 
every month. And I read them.” 

JEFFREY MERVIS 


Brits Rejoin Gemini 
The United Kingdom last week reversed plans 
(Science, 23 November 2007, p. 1227) to with- 
draw from the Gemini Observatory, whose twin, 
scopes sit in Hawaii and Chile. Instead, it will 
stay put and try to save some of the £4 million 
in annual cost it's obligated to pay by selling 
telescope time. The plan to pullout ofthe inter- 
‘national partnership outraged British astronomers 
because it threatened to cutoff their access to 
the northern skies, “t's unfortunate this was so 
badly handled,” says astrophysicist Martin 
Rees, president of the U.K.'s Royal Society. 
ELIZABETH QUILL 


Wisconsin Wins Latest 

Patent Bout 

The US. Patent and Trademark Office (PTO) has 
‘upheld 3 2006 patent on human stem cells 
‘ovined by the university-afiliated Wisconsin 
‘Alumni Research Foundation (WARF), Two years 
£890, two nonprofits challenged the patent and 
two other WARF patents, Last week, the govern: 
ment released an 85-page decision that upholds 
the patents yet narrows ther scope slightly 
“We're very pleased,” says WARF's managing 
director, Carl Gulbrandsen. “We believed from 
the very beginning that [James] Thomson's dis: 
ccoveries were patentable.” WARF’s opponents, 
including Alan Trounson, now president of the 
California Institute for Regenerative Medicine, 
hhad argued that Thomson's work was obvious 
when he performed it in the 1990s, But the 
patent examiner rejected those arguments ear 
lier this week, saying thatthe published science 
in the 1990s was too “unpredictable” to lead 
someone to try making human stem celts with 
an “expectation of success.” The groups plan to 
‘appeal the decision, and rulings on the other 
two patents are pending, ELI KINTISCH 


Research Strategy: Centered 
On Centers 


The US. Department of Homeland Security 
(OHS) has funded five new university-based 
‘esearch centers to study border security and 
immigration; explosives detection; maritime, 
island and port security; natural disasters; and 
emergency management and transportation, 
The new centers, each of which will receive up to 
2 million a year for 4 to 6 years, wil join eight 
existing centers focused on DHS's mission, 
“These colleges and universities... wil provide 
scientific expertise, high-quality resources, and 
independent thought—all valuable to securing 
“America,” says Jay Cohen, DHS undersecretary 
{or science and technology. 
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RESEARCH FUNDING 


U.S. Biomedicine’s Mother Ship 
Braces for Lab Closings 


Distress signals are emerging from the intra 
mural program at the U.S, National Institutes 
of Health (NIH) in Bethesda, Maryland, as 
funding troubles begin to pinch. Most insti- 
tutes are atfected, but the pain is acute at the 
National Institute of Child Health and Human 
Development (NICHD), where up to 12 intra 
‘mural labs—run by 16"% of 74 tenured staf 
could be shuttered. “This isa completely new 
category of nightmare,” saysan NICHD inves- 

igator who asked not to be named. Compared 
With a poor review in the ext 
which a researcher can try for a new grant, 
closing an intramural lab means goin, 
full funding to zero.” he says 


19°C NIH intramural Principal investigators 


0° 70002001 002 WOO 2005 006 2007 


Downsizing. The NIH intramural program has lost 
‘more than 100 Pls since growth ended in 2003. 


SPACE PHYSICS 


NICHD’ troubles reflect the 
5 years of flat budgets on the $2.8 billion 
NIH intramural program. The campus has 
seen a net loss of 114 of 1252 principal inves- 
tigators (Pls), or 9% 1004 when a 
period of rapid growth halted, Half of the 
decline came in the past yea 
NIH data. “There's no way with conservation 
of matter to do anything else.” says NIH 
Deputy Director for Intramural Research 
Michael Gottesman, who nevertheless thinks 
the program is still “a reasonable size.” 

He adds that the squeeze “is not unique to 
NIH or any organization,” although extra- 
‘mural research seems less constrained. The 
number of funded extramural Pls has hov- 
ered around 26,300 for the past 4 
econding to NIH. 

Gottesman points out that the intramural 
program has downsized before, after a 1994 
blue-ribbon panel called on NIH to cut less 
productive programs and create a formal 
tenure system. The number of Pls dropped 
from roughly 1584 in 1990 to 1206 in 2000. 
Growth resumed from 2000 to 2002 (see 
graph). But when it stopped. many of NIH'S 
21 intramural programs had a hard landing 


since 


mpact of 


Constant gardener, Intramural research chiet 
‘Michael Gottesman says there are benefits to pruning, 


ws saw budgets lag behind 
1n while costs increased, 

AS a result, at the National Cancer Insti: 
tute, the tally of Pls has dropped by 65 10 253, 
decline of about 20% since 2003, says Cen- 
ter for Cancer Research Director Robert 
Wiltrout. The institute has been more ageres- 
sive in closing labs after a leader retires or 


receives low marks on a site visit. And some 
top scientists have simply left. The diabetes 
institute closed several labs in 2006 to 


help trim 7% from its operating budget, 
ional Institute of Diabetes and ® 


Antimatter Experiment May Be Too Costly for NASA to Launch 


NASA says itis willing to fly a $1.5 billion 
experiment designed to detect antimatter, But 
Congress would have to come up with 
much as $4 billion to make it happen, the 
agency says. Supporters of the Alpha Mag- 
naetie Spectrometer (AMS) dispute those cost 
estimates but face an uphill struggle to get the 
7001-ky probe into orbit 

In.a 17-page report to Congress that was 
released last month, NASA paints a sobering 
picture of what it would take to attach the 
instrument to the international space station. 
Samuel Ting, the physics Nobelist at the 
Massachusetts Institute of Technology in 
‘Cambridge who has championed the project, 
sstys the 16-nation AMS collaboration has no 
money to buy another ride into space. That 
leaves the fite of AMS, and its quest to under- 
stand why there is more matter than antimat- 
terin the universe, with Capitol Hill 

Testifying before the House Science and 
Technology Committee on 13 February. 
NASA Administrator Michael Griffin said 
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he doesn’t oppose launching AMS aboard 
the shuttle. But for planning purposes, he 
added, Congress must find the money this 
year. The agency's report, submitted a week 
er, notes that all remaining shuttle flights 
are devoted to completing the station by 
2010, after which NASA intends to retire the 
juncher. Adding an additional flight “would 
be difficult, costly. and would have a signifi- 
cant negative impact on NASA‘ exploration 
program.” the report asserts. 

An additional fight in late 2010 would 
cost between $300 million and $400 million, 
NASA estimates. The cost would rise 10-fold 
ifthe flight were delayed until 2011 because 
of the need to extend industry contracts. 
“These costs would come directly at the 
expense of exploration development activi- 
states the study. 

NASA is overstating the costs, says Trevor 
Kincaid, a spokesperson for Representative 
Nick Lampson (D-TX), who represents the 
area around NASA’s Johnson Space Center 


and isa strong AMS backer. Lampson puts 
the price of another shuttle mission at 
between $150 million and $175 million. A 
spokesperson for Senator Bill Nelson (D-FL) 
suggested that a $1 billion supplement to 
NASA‘ 2009 budget could cover the addi- 
tional mission, Last summer, the Senate 
approved such an increase, but it was dropped 
from the final 2008 spending bill. "NASA 
red on tothis, and they should uphold their 
end of the [international] deal,” adds Kineaid, 

The only option besides an additional 
shuttle mission is to put AMS on an expend- 
able rocket. That would cost at least $600 mil- 
lion, says the report, and delay the launch by 
2or 3 years while the spacecraft is modified. 
‘That means AMS might not arrive until 2013, 
(0F 2014 at a space station that NASA intends 
to shut down in 2016, 

Ting and his collaborators say AMS needs 
a least 3 years in space to gather data, But the 
Nobelist says he’s not giving up. “My job is to 
get this finished." he says. ~ANDREW LAWLER 
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igestive and Kidney Diseases senior scien- 
tist Alan Schechter. Last year, a shortfall in 
funds at NICHD forced scien- 
tists to curtail experiments and travel 

(Science, 18 May 2007, p. 968) 
The possible cuts in personnel at NICHD, 
er, appear to be more drastic than any 

al NIH budg 


lab operatin 


before, Soon 
Cong 
NICHD‘ scientific director, 
chief and “tentatively outlined ... some ar 
to free up S15 million, 
hetold Science by e-mail. In January, few Pls 
were told their labs were to be closed this year 


fier the fi 


passed 
Rennert, 


that could be reduced 


After staff protested to Gottesman, Rennert 
relented. Ina 30 January e-mail sent o Science 
and circulated to his staff, he wrote that “no 


decisions have been reached.” Any cuts in pro- 
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tors such as publications and relevance to 
NICHD‘S mission. Still, anxiety is runnit 
i NICHD’ labs, 

‘Some don’t blame Rennert; he has made 
Herculean efforts” to avoid lab cuts until now. 


says one senior scientist, But Pls who a 
for their 4-year site visit in April are now brac- 
the worst. Those whose labs are closed, 
b, Gottesman says, but will 
9 join someone else's lab or become a 
ants administrator. Universi 


extramural 


positions seem out of the question for anyone 
but superstars, Even if they survive, NICHD 
scientists worry about the impact: “You'll have 
tobe more focused and not take as many risks’ 
says fruit fly geneticist Judith Kassis. 


NEWS OF THE WE! 


It seems unlikely that NIH’s intramural 
researchers will get much sympathy from 
outside, where funding is also tight. Yale Uni- 
versity cell biologist Barbara Ehrlich, a mem- 
ber of NICHD’s board of scientific coun- 


selors, says that although some of its inves 


gators are “just spectacular,” others “haven't 
kept up as much. 

And Gottesman says there's a brig 
this “pruning”: It has freed up some money to 
strengthen other labs, includi 


doing cutti 


number of intramural scientific staff, about 
6000 t 7000 M.D.s and Ph.D.s, is proba- 
bly stable, he says.) "For the remaining sei- 
entists, this is still a terrifie place.” He 
rybody says that 
~JOCELYN KAISER 


admits, however, that “ev 
I'ma Pollyanna, 


Electron Shadow Hints at Invisible Rings Around a Moon 


Space physicists poring over Cassini space- 
ceraft data think they 
known natural satellites of 


ave two firsts: the first 


nm, which, 


also form the first rings known to encircle a 
moon, Unlike the ri 
urn, Uranus, and Nept 


ys around Jupiter, Sat- 


however, the pro- 
posed rings around Saturn's 
moon Rhea are—so far, at 
least—invisible, 

Even though the proposed 
rings are physically “very 
nd [Cassini scientists] 


ge proof, it’s 
certainly a good batch of eir- 
cumstantial evidence,” 
ring dynamicist Jack Lissauer 
of NASA’ Ames Research 
Center in Mountain View, Cali- 
fornia, Ring specialist Jeffrey 
Cuzzi, also of NASA Ames, 
agrees, up to a point. “It’s 
clearly something unusual," he 
says, But whe 


eas the discov- 


erers “want to say it’s unusual 
rings, Fd want to say it's unusual physies. 

The case for rings depends on shadows 
Cassini passed through while flying by 
1530-kilometer-diameter Rhea in November 
2005, as space physicist Geraint Jones. now 
of University College London, and his col- 
leagues report on page 1380. Rather than 
recording how the rings block starlight—a 


common way of spotting them—Cassini 


serendipitously recorded the dimming of Sat- 
urn’s trapped energetic electrons that stream 
by Rhea. The electron dimming extended 
about 6000 kilometers on each side of Rhea. 


Something seemed to be absorbing electrons 
» Cassini, Beca 
Cassini instruments failed to detect enor 


before they se other 


as or dust to do the job, Jonesand colles 
inferred that unseen boulders up to about a 


\eter across Were absorbing the electrons. 


Now you see it. In an artist's simulation, the proposed rings of Rhea—presented here 
‘edge-on—are obvious. In reality, there is no trace of them in spacecraft images, only in. 
the dimming of lowing electrons they apparently absorb. 


The Pioneer II spacecraft discovered the G ring 
of Saturn in 1979 in much the same way, 

The clincher for Jones was a set of six 
dark, 
Cassini recorded, three on cach side of 
Rhea. The shadows are stunningly sym- 
metrical side to side, as seen in figure 4b 
of the paper. “I saw [a figure] like that in 
yy first planetary science class.” Lissa 
recalls. The year was 1977, and the fi 
was the now-classic plot of the previously 
unimagined narrow rings of Uranus 
occulting a star. Given Cassini's broad 


narrow electron shadows that 
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electron absorption with narrow spikes, all 
strikingly symmetrical, a broad disk of 
debris in Rhea’s equatorial plane with 
edded n 


three emb rrow ringlets or incom= 


plete ringlets was “the 


nation we've been able to come up 


with,” Jones says. Space 
physicist Mihaly Horanyi of 
the University of Colorado, 
Boulder 
provided 


ees. Cassini has 


“a fascinating set 
multi- 


of observations fro 
ple 
indeed best explained by 


instruments that is 


proposing a possible set of 
rings around Rhea,” he 
writes in an e-mail 

But ring specialists still 
have their reservations. Such 
rings. they say, are possible 
but improbable. First, just the 
ht sort of impact would 
probably have been required 
al off the icy 
moon and into orbit, Then the ring particles 
Would have had to survive millions if not bil- 


to blast mate 


lions of years being torn apart by the tidal 
pull of Saturn and worn down to dust by 
eroding small impacts. Most constraining. 
perhaps, is the “incredibly low limit on dust 
around Rhea set by Cassini 


Joseph Burns of Cornell University, who is 


on the imaging team. Ring boulders must 


shed some dust, and even tiny amounts of 
dust show up when backlit by the sun, “We're 
ing to keep trying harder.” says Burns, to 
see what may beseen, -RICHARD A. KERR 
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Preparing for Doomsday 


Over the next several years, new telescopes will spot thousands of 
near-Earth asteroids and comets. If one is headed our way, will world 
leaders be ready to respond? 


TIESHAN TEMPLE NATIONAL FOREST, CHINA— 
In the control room of XuYi Observatory. Zhao 
Haibin sits at a computer and loads the ni 
sky over Jiangsu Province. A faint white dot 
streaks across a backdrop of pulsati 
“That's a satellite,” Zhao says. Elsewhere on 
the screen, a larger white dot lumbers fron 
to west, [Usa m: 


n-belt asteroid, eireli 
sun between Mars and Jupiter, 

Onaridge inthisquiet, dark comer of south- 
eastern China, about 100 kilometers northwest 
of Nanjing, XuYi's new I-meter telescope 
espies a few dozen asteroids on a good 
Most are known to seience, But since C 
first telescope dedicated to asteroid detection 
saw first light early last year, Zhao’s team has 
discovered more than 300 asteroids, including a 
near-Earth object (NEO), the class of asteroids 
‘and comets that could smash into our planet, if 
fate would have it 

China's asteroid hunters are the latest par= 

ants ina painstaking global effort to eata- 
Jog NEOs, Close encounters with asteroids in 
recent years—and comet Shoemaker-Levy’s 
spectacular death plunge into Jupiter in 
1994 have spurredefforts to find the riskiest 
NEOs before they blindside us. Tracking 
potentially hazardous objects NEOs pass- 


ion kilometers, of Earth’s orbit—is essential 
for any attempt to deflect an incoming rock. 
The first test of our planets defenses could 
be Apophis, an asteroid the size of a sports 
arena that made the world sweat fora few days 
in December 2004, when calculations sug- 
gested as great as a | in 37 chance of an 
impact in 2029, Although further data ruled 
out that day of reckoning, another could be 
looming. In April 2029. Apophis will pass a 
O kilometers from Earth, inside the 


orbits of 
keyhole 
than thi 


ostationary satellites, If it enters a 


a corridor of space barely wider 
asteroid itself where gravitational 
forces would give ita tug—it will end up ona 
trajectory that would assure a collision 7 years 
later: on 13 April 2036, Easter Sunday. The 
‘odds of Apophis thi 

rently 1 in 


a better look during Apophis’s next app 
ance in our neighborhood in 2012. 

By then, a powerful new telescope for 
detect and comets—t 
Panoramic Survey Telescope and Rapid 
Response System (Pan-STARRS), expected to 
be up and running by summer—should have 
unmasked thousands more NEOs, An even 

ander project, the 84-meter Lange Synoptic 

ivvey Telescope (LSST), is expected to be 
‘operational in 2014, 

The anticipated bumper erop of NEOs con- 
fronts society with urgent questions. In the next 
several years, with increasing rapidity, 

n-STARRS aind its ilk will discover pote 

ly dangerous NEOs, Currently, 168 NEOs 
havea chance of striking Earth in the next ce 
tury. although the oddlsare minuscule, By 2018, 
the risky rock roster could swell more th: 
100-fold, Additional observations will allow 
astronomers to refine orbits, and in most cases, 
rule out a threat, For that reason, astronomers 
are debating when the public should be alerted 
tohazands, to minimize false alarms, 


asteroids 
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Eventually, an asteroid with our name on it 
ill come into focus, forcing an unprecedented 
decision: whether to risk an interdiction effort. 
“The very concept of beingable to slightly alter 
the workings of the cosmos to enhance the 
survival of life on Earth is staggeringly bold” 
says Russell Schweickart, chair of the B612 
Foundation, a Sonoma, California, nonprofit 
that lobbies for NEO deflection strategies. We 
have the means to deflect an asteroid-—indeed, 
“it's really the only natural hazard that we ean 
possibly prevent,” says NEO specialist David 
Morrison, an astrobiologist at NASA's Ames 
Research Center in Mountain View, California. 

There is one “fatal missing element.” says 
Schweickart, who in 1969 piloted the lunar 
module for the Apollo 9 mission: “There is n0 
‘agency inthe world changed with protecting the 
Earth against NEO impacts.” He and others 
hope to change that. 


Wake-up calls 

Like any natural disaster, impacts occur 
periodically; gargantuan impacts are so rare 
that their frequency is hard to fathom, Every 
100 million years or so, an asteroid or a 
comet a few kilometers or more in width—a 
titan like the rock thought to have wiped out 
the dinosaurs 65 million years ago—smacks 
Earth. “This is not just getting hit and 
killed,” says Edward Lu, a former astronaut 
who now works for Google, “You're on the 
other side of the Earth and the atmosphere 
turns 500° hotter, Lights out.” 

Reassuringly, no doomsday asteroid identi 
fied thus far is on track to intersect Earth’s 
orbit in the next century. Less reassuring, an 
tunobserved, long-period comet from the Oort 
cloud could swoop in with litle warning, 
Although the odds of this happening in any- 
‘one’s lifetime are on the order of winning the 
Powerball lottery, a megaimpact’s annualized 
fatality rate is likely to rival those of earth- 
‘quakes or tsunamis, says Clark Chapman, an 
astronomer at the Southwest Research In 
tute in Boulder, Colorado, 

Near-Earth asteroids tens to hundreds of 
meters in diameter are far more numerous- 
there may be as many as 3 million inthe solar 
system—aind they cross Earth's path more fre- 

& quently. The iconic Meteor Crater in northern: 
Arizona was gouged by a 50-meter-wide hunk 
of iron and nickel $0,000 years ago. In 1908, a 

& fireball scorched and flattened trees over 

5 2100 square kilometers of taiga in Siberia’s 
Tunguska region—the devastating footprint, 

8 many experts say, of a modest asteroid that 

$ exploded in midair. 

3 Recent supercomputer modeling has 

& downsized the Tunguska rock. An asteroid 

8 just.a few dozen meters wide. fragmenting 
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explosively with a yield of 3 to 5 megatons— 
a fraction of earlier estimates—could have 
done the trick, Mark Boslough and David 
(Crawford of Sandia National Laboratories in 
Albuquerque, New Mexico, report in an arti- 
cle in press in the International Journal of 
Impact Engineering. I this is correct, the 
expected frequency of Tunguska-sized 
impacts changes from once every couple of 
millennia to once every couple of centuries. 
“Smaller objects may do more damage than 
\we used to think.” says Chapman, 

Today the impact threat may seem obvious, 


Pea ve 


‘Aswarm with asteroids. in 2000, there were more 
than 86,000 known asteroids. By 2007. there were 
nearly 380,000, including main-bett objects that 
don't approach Earth (green); objecs that approach 
bbut do not cross Earth's orbit (yellow); and objects 
that cross Earth’s obit (red). 


‘but for decades it was largely ignored. Acrody- 
namicist Anatoly Zaitsev. director general of 
the Planetary Defense Center in Moscow. 
‘sounded the alarm in a landmark report deliv- 
ered to Soviet leaders in 1986. “They just 
laughed” he says. Then on 22 March 1989, an 
asteroid several hundred meters across 
whizzed by Earth atabouttwice the distance to 
the moon: astronomers didn’t spot Asclepius 
until it had already passed. 
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Asclepius was a shot across the bow, 
prompting the US. Congress to query NASA 
about whether the agency had a plan for the 
next killer asteroid. A parade of committees 
followed, afier which Congress in 1998 ordered 
NASA totally and track atleast 90% of NEOs 
that are more than | kilometer wide, NASA 
launched the Spaceguard Survey, named after 
a survey in Arthur C. Clarke’s 1972 novel 
Rendezvous with Rama To date, Spaceguard 
and other efforts have identified more than 
700 of an estimated 1000 or so NEOs in this 
category. Then in 2005, Congress called on 
NASA to expand the search by 2020 to cover 
90% of NEOs at least 140 meters in diameter— 
the approximate minimum size to damage an 
area at least as lange as a state or seaboard, 
NASA expects Spaceguard Il to spot 21,000 
potentially hazardous NEOs and forec 
1-in-100 chance that such a rock will hit E 
inthe next 50 years. 

The uncertainties are huge. Main-belt 
asteroids can knock into each other, turning a 
benign rock into a malignant projectile. And 
with only a fraction of NEOs having been 
identified so far, what we don’t know can hurt 
us. Astronomer Brian Marsden, director emer- 
itus of the International Astronomical Union's 
Minor Planet Center, the clearinghouse for 
asteroid and comet orbits, figuratively sums 
up the situation: “The ones to worry about ane 
those that were discovered yesterday and have 
a very high probability of hitting us the day 
after tomorrow, Those, plus the ones we've 
never even seen yet! 


Drawing a bead 

Night has fallen on an early December 
‘evening near Tieshan Temple, which, aecord- 
ing to local lore, was the home of China’ first 
monk. The sky above the national forest is 
piteh-black but overcast. On nights like this, 
asteroid hunters know how to kill time, In a 
chilly, cigarette smoke-filled lounge down the 
hall from Xu¥i's control room, Zhao and his, 
colleagues play cards and sip from tall, clear 
plastic bottles packed with green tea leaves, 
hoping that the weather forecast is wrong and 
the skies will clear, 

Zhao has worked at Purple Mountain 
Observatory, which operates Xu¥i, since grad- 
uating from Nanjing University in 1996, He has 
comet named after him, but his biggest thrill 
‘came last spring. when he found an NEO. 

On most nights, the telescope is pointed 
away from the sun, toward main-belt asteroids, 
outside Earth’s orbit. More elusive objects 
between Earth and the sun can be discerned in 
the right conditions, With a clear sky and a new 
‘moon, just after nightfall or before sunrise, 
Zhao aims the telescope at a 60° angle to the 
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sun, Where faint NEOs, like a erescent or zib- 
bous moon, reflect sunlight in phases. During 
‘ope’s first year, his team got fewer 
dozen opportunities to gaze sunward 
‘One was7 May, when they scored their NEO. 

Tonight, just after midnight, the clouds 
have dispersed enough for viewing. Zhao's 
team swings intoaction, pointing the telescope 
ata 2-degree-square patch of sky. As dawn 
mail the data to Purple 
Mountain's Nanjing headquarters for analysis. 
Zhao’s weam is working fast to stake NEO 
claims before Pan-STARRS, the first Spa 
guard II facility, starts gobbling up the heav- 
tens, The telescope on Mount Haleakala on 
Maui Island, Hawaii, has a charge-coupled 
device camera with 1.4 billion pixels—the 
highest resolution in the world—that acquires 
images every 30 seconds, 

Pan-STARRS, which saw first light last 
August, will usher in a new paradigm in 
‘observational astronomy (Science, 12 May 
2006, p. 840). “It's set of surveys that will be 
analyzed in a wealth of different ways,” says, 
Kenneth Chambers, an astronomer with the 
Institute for Astronomy (ITA) at the University 
‘of Hawaii, Manoa, who is leading a consor- 

300 scientists whose institutions have 
paid for first crack at Pan-STARRS gold 
me will map the Milky Way or look for dis- 
t quasars, Others will hunt for asteroids 
“The astronomical community isnot ready for 
the fire hose of data that’s going to hit them,” 
Chambers says, 

Once Pan-STARRS begins taking data in 
‘eamest this summer, NEO finds should come 
thick and fast, According to fA astronomer 
Robert Jedicke, who led development of 
the software that will cull NEOs 
from the data deluge, Pan- 
STARRS will be 10 times more 
effective at spotting NEOs 
than all current surveys: com- 
bined. “Are there many more 
objects like Apophis out 
there? This is someth 


the tel 


In the hunt. Zhao 
Haibin’s team at XuYi has 
a few hundred asteroids 
under its belt 


that Pan-STARRS will answe 
Director Rolf-Peter Kudritzki 

Magnificent feats of detection are also 
expected from LST, which will have 24 times 
greater survey power than Pan-STARRS, Like 
its Hawaiian rival, the $389 million project has 
broad science objectives, including studying 
dark energy and dark matter and mapping 
the Milky Way. Unlike Pan-STARRS, LSST 
data will be available immediately to any 
researcher. Construction is expected to begin 
in 2011 at Cerro Pachén, Chi 

When completed, LSST will cover the 
entire available sky every 4 nights with a 
3,2-billion-pixel camera. Project scientists 
have teamed up with Google, Microsoft, and 
others to develop algorithms for processing 
the masses of data. After 10 years of operation, 
LSST should have plotted rough orbits for 
2% of potentially hazardous NEOs larger 
than 140 meters, with only the risk assess- 
‘ments requiring human input, says LSST 
Director J. Anthony Tyson, a physicist at the 
University of California, Davis 

Funding is not assured. Tyson has fined up 
‘S45 million so far from private sources, includ- 
ing two gifts announced in January that will 
help pay for the mirror: $20 million from 
Charles Simonyi chief executive of Intentional 
Software, and $10 million from Microsoft's 
Bill Gates. The tycoons, says Tyson, “are 
excited about the LSST acting as a peripheral 
device for the Internet and thus bringing the 
universe to everyone's computer.” Much of 
LSST's construction finds are expected from 
the U.S. National Science Foundation, which 


* says IfA 


will hold a Major Research Equipment and 


Ts 


Facilities Construction review on the 
project this autumn, 


Gauging risks 

In the early 1990s, as astro- 
nomers intensified their 
search for NEOs, I{A's David 
Tholen upbraided col- 
leagues for tuming a blind 
eye to asteroids lurking 
inside Earth’s orbit. He 
med that an 


farthest point from the 
sun could hitour planet. 
“For years, I wanted to 
do something about 
that,” says Tholen. But 
he lacked the means. 
“Other folks had great 
cameras. was env 
‘ous In 1997, he finally 
got time on a decent 
telescope. Aiming it 


Jow on the horizon just after nightfall or before 
dawn, his group over 3 years discovered four 
asteroids in this blind spot— including a whop- 
perthat is 5 kilometers wide 

Riding high, Tholen wona grant fora more 
intensive search campaign. But his team strug: 


wr of funding in 2004, he says, “we hadn't 
ind a single asteroid.” He redoubled his 
orts, booking time at observatories around 
the world, In June 2004, he was juggling 
nights on two telescopes. Then in the early 
evening of the 18th, at Kitt Peak National 
Observatory near Tueson, Arizona, Tholen, 
Roy Tucker, and Fabrizio Bernardi hit pay dirt: 
They gota first glimpse of Apophis, 

“Apophis demonstrated that we know very 
little about the region of space near Earth, 
‘siys Boris Shustov, director ofthe Institute of 
Astronomy in Moscow, Anxiety will mount 
when Apophis chugs back into range in 2012. 
Ironically, the best instrument for refining the 
asteroid’s orbit—the world’s most powerful 
planetary radar at Arecibo Observatory in 
Puerto Rico—may be switched offin201 |, the 
victim of budget cuts. Even without Arecibo, 
optical measurements almost certainly will 
reduce or rule out the impact risk, For that 
son, NASA has no plans to send a probe to 
Apophis, and the European Space Ageney has 
shelved a mission (see sidebar, p, 1329), 

A chilling reassessment of Apophis could 
change the political landscape fast 

‘Suppose that observations forecast a |-in- 
1000 impact risk in 2036, “That risk is really 
dow, but ifit hits, i’sreally bad” says Lu, “How 
‘much is it worth to us to have peace of mind?" 

The “threshold of pain,” as Lu calls it, may 
depend on who would be affected—and what 
resources they have, Based on current caleula- 
tions, the line where Apophis might hit—the 
so-called risk corridor—runs from Kazakhstan 
through Siberia, over the northern Pacific, and 
across Costa Rica, Colombia, Venezuela, and 
the south Atlantic. Who would mount and pay 
fora deflection mission? All countries along 
the corridor? Just Russia, vulnerable to a direct 
hit, or he United States, vulnerable to a tow- 
ering tsunami? The United Nations? What if 
mission failed, deflecting Apophis to another 
point on the risk corridor, converting an “act 
of God” into an act of humankind? Who 
would be liable? 

As experts grapple with these questions, 
some are trying to rouse political leaders, 
With outside advice, the Association of Space 
Explorers, an organization of astronauts and 
cosmonauts based in Houston, Texas, is draft- 
ing an NEO Deflection Decision Protocol to 
present to the UN.S Committee on the Pe: 
fal Uses of Outer Space in 2009. 
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THE STATE OF OUR PLANET'S DEFENSES 


Experts can't say exactly when the next Earth-bound asteroid will heave into 
view, but they are confident that humanity has the tools to defend itself. 
There are several deflection scenarios; in most, the straightforward objective 
would be to change an asteroid's speed so that it arrives too early or too late 
to hit€arth, 

{In 2005, former astronaut Edward Lu of Google and astronomer-astronaut 
Stanley Love, a mission specialist on the shuttle flight last month that detiv 
ered the Columbus Laboratory to the space station, proposed a “gravity trac 
tor”: a spacecraft that hovers in front of or behind an asteroid, using its 
minuscule gravitational force to stightly accelerate itor slow it.The gravity 
tractor could divert an asteroid from a keyhole, a narrow swath of space where 
‘gravitational forces would yank an asteroid onto a trajectory in which it would 
bit Earth a few years later. 

Steering an asteroid clear ofa keyhole would require less energy and thus 
is much easier to accomplish than diverting an asteroid on a direct course for 
Earth. A 1:ton gravity tractor would have to hover more than 3 years near a 
Tunguska-size, 45-meter-vide NEO on a collision course to change its orbit 
‘enough to bypass Earth, says Russell Schweickart, chair of the B612 Founda: 
tion, It would take less than 40 days to divert the much-larger Apophis from a 
keyhole on its close encounter with Earth in 2029, he says 

‘Another way to fiddle with Apophis's speed would be to spray it with mate 
rial that changes the amount of sunlight it absorbs or reflects. 
were mounted by 2018, just a few-percent change in its energy balance over 
18 years would assure that Apophis misses Earth, says Jonathan Giorgini, a 
Senior analyst at NASA. 

CCoaxing an asteroid to miss a keyhole won't necessarily eliminate the risk 
Space fs littered with keyholes and resonant return points that can sting an 
‘object back at Earth. To counter that possibility, scientists are devising ways to 
slap a transponder on a target asteroid or otherwise send back telemetry 
revealing whether a follow-up mission is necessary. 

Lastweek, The Planetary Society in Pasadena, California, announced the win 
ners of a competition to design a mission that would tag a potentially hazardous 
near-Earth asteroid to better track its obit. The top prize of $25,000 went to two 
ompanies—SpaceWorks Engineering Inc. in Atlanta, Georgia, and Space 
Inc. in Poway, for Foresight, a $137 mition spacecraft that would 
shadow Apophis for almosta year, taking its measure with a multispectral imager 
and a laser altimeter. The European Space Agency (ESA) has a similar mission on 
the drawing board: Don Quijote, which for €150 million would send aspacecr. 
to rendezvous with Apophis and precisely measure its position, mass, and 
other parameters, But Don Quijote is on hold. “Without an imminent impact 


uch a mission 


California 


should unite our efforts to deal with the — tary comm: 


threat,” says Shustov, who is leading an effort regard it 


to develop Russia's first national R&D pro- 
gram on NEO hazards, 
Shustov’s 


retaliate,” he says. 


6 June 


drag their feet until the threat of a direct hit 
becomes real. But an asteroid need not impact 


to cause chaos. Each year, military satellites 


detect several |-kiloton explosions of aster- 
ids in the upper atmosphere, and every sev- 
explosion of 10 kilo- 
They 
are quite fi ound. 
A bus-size meteoroid would explode in the 


eral years, a much 


tons or more, says Sandia's Boslough, risk corridors 


ening to people on the 


that are 


ater dow 


A 25-kilotoi 
fed over the Mediterranean Se 
2002. Imagine. Chapman says. “if 
that had happened instead in the vicinity of 
Kashmir, where tensions betwe 
Pakistan were elevated. 

While this scenario may an 


ublicity, some exp 
think that detailed predis 
should be withheld from the 
public. They want to avoid a 
phenomenon of repeatedly soundin; 
added or called off. NASA 


Threading the needle. 8 


Apophis 2029 
Close Pass 


threat, ESA is focusing on other priorities,” says the agency's lan Carelli 

A modest-sized asteroid spotted too late for subtle maneuvering could be 
rammed with a kinetic impactor—a missile, or a spacecraft similar to NASA's 
Deep Impact probe that crashed into comet 9P/Tempel in 2005, According to 
4 report last year in the journal Science and Global Security, a single strike, 
with 5 years’ lead time, should safely divert an asteroid up to 250 meters wide 


many larger asteroids could be deflected with multiple strikes and longer lead 
times. A gravity tractor in place before the strike could both provide telemetry 
and give the asteroid an extra nudge, if necessary. 

Some scientists, mearmhile, favor a nuclear detonation, the force of which 
could obliterate smaller asteroids —with the hope that any fragments stil on tar 
‘get for Earth would burn up in the atmosphere—or alter the trajectory of larger 
‘ones. Schiveickart, for one, views nukes as a last resort. An asteroid for which 
other technologies would fail, he contends, comes along only once every 
100,000 years or notes Harvard University astronomer Brian 
Marsden, “if the warning time is such that an object will hit us in a matter of 
months or even weeks, the nuclear option is the only one we really have. ifthe 
wearing time is only days, | really don't know what we would do. RS. 


0. Howev' 


it above.)“We donot gen Jease these kinds 
ind of di s when they relate to future and 
irburst—ongoin says Steven Chesley. 
an NEO specialist at NASA‘ Jet Propulsion 
Laboratory in Pasadena, California, 


riskassessments, 


on 


Others believe in full disclosure, “ 
don’t like secrecy. It bre 
Chapman, “When the facts are finally 
vealed, people wonder whether to believe 


People 


n India and ds distrust,” says 


them and wonder about what else might be 


jons—particularly still under wraps.” NEO impact forecasts, he 
says, should be treated like hurricane fore- 


hicken Lit 


2 people to respond. 
Like the first hurricane of the season, the 


alarms 


ary defenses may be an 


stratosphere with the energy of a small atomic 
bomb, producing a blinding flash much 
brighter than the sun, says Chapman, “Mili- 


hhas not released Apophis’ risk corridor in 2036. 


(The B612 Foundation provided the diagram 
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PALEONTOLOGY 


Experts Find No Evidence for a 
Mammoth-Killer Impact 


‘devastating cosmic collision 13,000 years ago continues to play well in the media, 
but specialists are challenging the grounds for thinking it happened 


It looked impressive as slide after datacladen 
slide flashed on the sereen last spring. Nearly 
a dozen debris markers. found at 26 sites 
from the U.S. West Coast to Bel 
fied to a huge impact followed by a e 
nent-spanning wildfire. The catastrophe had 
taken place a geologic instant ago—closely 
coinciding with the disappearance of North 
America’s mammoths and the continent's 
earliest human culture (Sefence. | June 2007. 
Pp. 1264), Then came the 26-author paper last 
October in the Proceedings of the National 
Academy of Sciences (PNAS), not to men- 
tion the hourlong National Geographic 


testi- 
nti- 


Channel documentary running on cable 


since last October, with more coverage on 
the way from the History Channel and 
PBS's prestigious program NOVA 

Although cosmically blasted mammoths 
Z-Many impact specialists 
have lately swung from leeriness to thorough 
disbelief. “The whole thing is contrived.” says 
geochemist and impact specialist Christian 
wher! of the University of Vienna, Austria. 
with anything we 
know It just doesn’t make any 
sense. Occam's razor has been put safely in a 
drawer somewhere.” 


may make good cof 


‘One problem is that no one has“any of the 
classic evidence of an impact.” says impact 
specialist David Kring of the Lunar and Plan- 
etary Institute in Houston, Texas. Spurred by 
the 1980s debate over what killed off the 


dinosaurs, “the community learned a lot 
about what the threshold of evidence is” for 
confirming an impact, he explains, But tk- 
ing all the evidence offered by the group pro- 
posing the mammoth-killer impact, “you end. 
up with [markers] that are not diagnostic of 
impact, 


says impact specialist Bevan French 
‘of the National Museum of Natural History 
Washington, D.C. Proponents, meanwhile, 
‘are defending some of their published claims 


and giving ground on others but promising 
ultimate vindication, 


ET? An impactor (top) may have produced magnetic 
spherules ower right), but similar spherules lower 
{ef) continually fall from space. 
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Victims of a hit? Published evidence 
that an impact triggered the mammoths” 
disappearance ialling far short of rool 


Diamonds not forever 


Everyone agrees on one point atleast 


“Obviously, something really interest- 
ing happened 13,000 years ago.” as Kring 
puts it. Ir was 12,900 years ago, to be previse, 


that a world staggering out of the last Ice Age 
suddenly plunged back into a millennium of 
ial climate before 


merging into the 
mth, It was also about then 
n the uncertainties summed up by 
that the mammoths and other great 
beasts disappeared from North America, And 
the Paleo- Indian Clovis culture vanished from 
the archaeological record around then, too, 
The PNAS authors have a cosmic explana- 
tion for the coincidence of climate shift, 
extinetions, and cultural oblivion: A body or 


clump of bodies from outer space ravaged 
North America, By exploding over or actually 
hitting the great ive sheet in the north, their 
reasoning goes, the impactors could have 
shifted climate into the chill of the so-called 
Younger Dryas (YD) period. And the blast or 
blasts, as well as the resulting continent-wide 
Wildfire, would have sufficed to wipe out orat 
least seriously weaken man and beast. 
Headed by nuclear chemist Richard 
Firestone of Lawrence Berkeley National Lab- 
oratory in California and retired peophy: 
consultant Allen West of Dewey, Arizon 
26 PNAS co-authors present what they argue is 
debris from the impact: metallic bits. an abun- 
dance of the exotic element iridium, nano. 
diamonds, and molecular “buckyballs” filled 
With extraterrestrial helium. And the wild- 
fire would have left charcoal, soot, carbon 
spherules. and glasslike carbon. Along with the 
impact debris, these components appear in a 
thin layer of sediments—the YD boundary 
Jayer—that was laid down near the beginning 
of the cold snap and the end of the mammoths, 
That sort of litany impressed the largely 
nonexpert crowd at last May's Joint Assembly 
‘of the American Geophysical Union (AGU) in 
Acapuloo, Mexico, but the few experts there 
were nonplussed. Now, in the wake of the 
detailed PNAS paper, the experts are able to 
take a more critical look. For starters, they are 
pointing out that the carbon-rich debi 
nothing about the cause of the fires. Fire hap- 
pened back then, notes geologist Nicholas 
Pinter of Southern Illinois University (SIU) in 
Carbondale, especially once humans arrived. 
Critics are equally quick to set aside the 
helium-filled buckyballs or fuller 
reported in the PNAS paper by geochemist 
Luann Becker of the University of California, 
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Santa Barbara (UCSB). Throughout a half= 
dozen years of effort, no one else has repli- 
cated the isolation of fullerenes with helium 
(Science, 14 May 2004, p. 941). 

Then there are the nanodiamonds. Zillions 
of diamond bits a few nanometers in size 
sound exotic enough. Many meteorites are 
filthy with them, so the impactor could have 
brought them in, Nanodiamonds have in fact 
been reported in the debris of the dinosaur- 
killing impact 65 million years ago. 

‘At the AGU meeting, paleoceanographer 
and PNAS third author James Kennett of UCSB. 
reported that UCSB colleagues had “conelu- 
7 shown the presence of nanodiamondsin 
sediments from the YD boundary layer. They 
used transmission electron microscopy (TEM), 
the gold standard for nanodiamond identifica 
tion, However, no TEM results appeared in the 
PNAS paper. Instead, a sample of glassy carbon 
recovered from the YD boundary had been sent 
to.a commercial laboratory for analysis using 
carbon-13 nuclear magnetic resonance 
(NMR). The NMR analysis showed that the 
“sample contains nanodiamonds, which are 
inferred to be impact-related material,” the 
paperstates. 

Experts asked to comment on the findings 
disagree. “Their NMR data do not provide 
evidence for nanodiamonds.” says geochemist 
George Cody of the Carnegie Institution of 
cophysieal Laboratory in 
Washington, D.C., who in 2002 was the First 
to use NMR to identify nanodiamonds in 
meteorites, “I would never have claimed that 
[their NMR spectrum] had anything to do 
with nanodiamonds.” 

Under the proper analytical conditions, 
says Cody, nanodiamonds produce a narrow 
NMR peak centered at a chemical shift of 
34 parts per million, The PNAS spectrum is 
broad and centered at 38 parts per million, to0 
broad and too far afield to be nanodiamonds, 
he says. In any case, the analytical conditions 
used were wrong for detecting nanodiamonds, 
Cody adds; no peak would have appeared 
even ifthey were there, 


‘Mundane metals? 
Another claimed marker of the YD impact: 
the element iridium—is coming under 
attack as well. An iridium “spike” was the 
first clue to identifying the impact that 
caused the Cretaceous-Tertiary (K-T) mass 
extinction 65 million years azo. The metallic 
element is scarce in Earth’s crust but rela- 
tively abundant in meteorites, so like nano- 
monds, any excess might have arrived vi 
asteroid or comet, 

Firestone and colleagues reported elevated 
iridium of a few parts per billion (ppb)— 


comparable to K-T sediments—in some sedi- 
‘ment samples from the YD boundary but not 
in sediments above or below. They found tens 
to more than 100 ppb of iridium in micro- 
scopic particles—both rough grains and once- 
melted spherules—magnetically separated 
from some of those sediments. And they cite 
an earlier report in Nature of “large 
increases” in iridium “during the Younger 
Dryas as recorded in the GRIP (Greenland) 
¢ core.” The iridium came from beyond 
Earth in an impactor, the group concluded. 
Other researchers aren't sure where the 
iridium came from, ifit's there at all, Asto the 
ice core record, “I was surprised to ee stich an 
interpretation of our results in Nature.” says 
Paolo Gabrielli, first author of the Narure 
paper and now at Ohio State University in 
Columbus. “My paper does not report any 
large increase of iridium in the Younger Dryas. 


Wrong. This published NMR SSB 
peak is too wide and in the 
‘wrong place to be diamond, 
say researchers. 


So ithas nothing to do with an extraterrestrial 
impact.” Firestone disagrees: “I interpret his 
results differently than he does’ 

Impact specialist Philippe Claeys of the 
Free University of Brussels in Belgium 
can't find any iridium at all in the four sedi- 
ment samples of the YD boundary West sent 
him for analysis. The PNAS group eventu- 
ally reported that two of the samples con- 
tained elevated iridium easily detectable by 
Claeys’s method: the magnetic fraction of 
the third sample had extreme iridium con- 
centrations, But Claeys reported to West 
that he could detect no iridium higher than 
0.5 ppb in any of the samples. West blames 
the “nugget effect,” in which a few micro- 
scopic sediment particles highly enriched in 
iridium account for most of the iridium in 
ananalyzed sample: samples that happen to 
have few nuggets look barren. Claeys. how- 
ever. says he intentionally used large 
enough samples to avoid the nugget effect. 


Archaeologist Vance Haynes, professor 
emeritus at the University of Arizona, Tucson, 
is finding likely looking magnetic spherules in 
the darnedest places. He has spent 30 years 
studying Clovis sites, many of which the 
Firestone group sampled. As a check on his 
‘own ongoing independent analysis of YD sam- 
piles, he collected a modem sample, “I got 300 
grams of dust off the roof fof my house], and 
full of magnetic microspherules.” he says. 
Whether they are the melted, iridium-rich 
micrometeorites that continually drift down 
from the upper atmosphere or the product of 
high-temperature industrial processes such as 
coal burning, he doesn’t yet know, Either way, 
they could be trouble. The cosmic 
microspherules could have salted sediments 
forming 12,900 years ago with iridium, while 
the humanmade variety might have settled on 
modem outcrops before samplin, 

‘Chemical analyses of the magnetic particles 
4do not point to impact, Koeber! says. The el 
mental analyses make litle geochemical sen 
he says. In particular the magnetic particles are 
far too rich in titanium to be extraterrestrial, He 
rejects the suggestion in the PNAS paper that 
such odd geochemistry points to “a new and 
unknown type of impactor.” Meteoriticist 
Theodore Bunch of Northern Arizona Univer 
sity in Flagstaff, the fifth PNAS author. agrees 
that the magnetic fraction has problems, What 
its chemistry means, “I don’t know.” he says, 
speaking for himself, In any ease, “it detracts 
from the main thing” 

The main thing now is nanodiamonds, 
according to Bunch and other PN 
‘The initial UCSB detection of nanodiamonds 
came too late for their paper, says Fireston 
Now West is using TEM and has found 
three different types of nanodiamonds in the 
YD layer but failed to find any above or 
below it. “Some people just can’t stand the 
idea of something falling out of the sky.” he 
says, but “they ean’t explain all of the: 
{impact} markers, and diamond is the hard- 
est to explain away’ 

West and colleagues expect to publish on 
snanodiamonds, but their cities are still waiting 
to be impressed. Pinter and Scott Ishman, his 
micropaleontologist colleague at SIU, wrote in 
detailed critique in the January issue of GSA 
Toxday that such “spectacular stories to explain 
unspectacular evidence consume the finite 

y of. The 
problem, Pinter says. is that “there's a wide 
fringe beyond the impact community” where 
the criteria for impact identification laid out in 
the literature are not rigorously followed, 
Whether another try at nanodiamonds will 
meet the standard is anybody's guess. 

RICHARD A. KERR 
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PLANT SCIENCES 


Corn Genomics Pops Wide Open 


The sequencing of maize genomes and the development of new strains are enabling 
faster exploitation of this key crop’s natural diversity 


A decade ago, sequencing the maize genome 
was just too daunting, With 2.5 billion DNA 
bases, itrivaled the human genome in size and 
contained many repetitive regions that con- 
founded the assembly of a final sequence. But 
last week, not one but three com genomes, in 
Various stages of completion, were introduced 
to the maize genetics community. In addition, 
researchers announced the availability of spe- 
cially bred strains that will greatly speed 
tracking down genes involved in traits such as 
flowering time and disease resistance. These 
resources are ushering in a new era in maize 
genetics and should lead to tougher breeds, 
better yields, and biofuel alternatives. “We're 
sitting on very exciting times,” says Geof? 
Graham, a plant breeder at Pioneer Hi-Bred 
International Inc 

‘The world’s biggest crop. maize (Zea mays) 
comes in all shapes and sizes. Indeed, the 
xenomesof any two varieties can be as different 
‘as chimp and human DNA. Catalo 
standing, and harnessing this variation to 
improve erop yields have been longtime goals 
for researchers, 
Toward that end, in 2005, the ULS. National 
Science Foundation (NSF) and the US. depart- 
ments of Agriculture (USDA) and ry 
(DOE) provided $30 million to a consortium 


E 
: 
i h ashington Uni- 
i 
8 
i 
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versity in St. Louis, Missouri, to tackle the 
genome of a well-studied maize strain called 
B73. Rod Wing of the University of Arizona, 
Tucson, provided 15,000 mapped seements of 
the comSDNA for sequencing, and ata meetin 


+ "The 50th Annual Maize Genetics Conference,” 
27 February-2 March, Washington, D.C. 


www.sciencemag.org 


last week in Washington, D.C., Wilson 
described B73's draft genome. About 6500 of 
the segments Wing provided are completely 
finished and most of the rest are well under 
\way. Even at this stage, “we believe the quality 
and coverage will enable new discoveries, 
says Wilson 

Maize researchers agree. B73°s full 
sequence “is going to underpin all the research 
that we do in maize genomics.” predicts Patrick 
ible of lowa State University in Ames. 

Take the quest to improve the potential of 

omn and perennial grasses as biomass for bio- 

fuels. A key goal is to increase sugar content 
and sugars availability for conversion to bio- 
fuels. “We need to greatly increase mass per 
acre.” says Nicholas Carpita, a plant cell biol- 
ogist at Purdue University in West Lafayet 
Indiana. Heand his colleagues have compared 
the rice and Arabidopsis genomes with the 
B73 DNA already deposited in the public 
database GenBank. They found more than 
1400 corn genes involved in building plant 
cell walls—the ultimate energy sources—and 
are homing in on those that affect biomass 
quantity and quality. “The maize genome 
allowed us to get to [those] genes,” he says. 

‘And the B73 genome isn’t the only one in 
the works. With $9. | millon from the Mexican 
government, Jean-Philippe Vielle-Calzada of 
the National Laboratory of Genomics for Bio- 
diversity in Irapuato and his colleagues have 
decodeda native “popcom” strain grown at ele- 
vations above 2000 meters. Although still in 
more than 100,000 pieces, the sequence has 
revealed many new genes, he reported. Thi 
variety’s genome “will be of tremendous value 
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Field tech, Bar-coding tools speed maize genetics 
research. 


in terms of understanding the evolution of 
[maize] domestication,” he says. 

In addition, Daniel Rokhsar of DOE's Joint 
‘Genome Institute in Walnut Creek, California, 
and his colleagues have begun to decipher the 
DNA ofa well-studied maize strain called 
Mol7. using new, cheaper sequencing tech- 
nologies. Ifthe effort proves cost-effective, 
NSF and DOE may support the sequencing of 
additional strains. 

But genome sequences aren’t the only big 
news for maize researchers, As part of the 
Maize Diversity Project, USDA plant geneti- 
cist Edward Buckler of Comell University and 
his colleagues have bred almost 5000 lines of 
maize, revealing the full range of the plant’s 
diversity. These lines were derived from 
crosses between B73 and 25 other inbred 
maize lines from all over the world; each mar- 
riage has given rise to about 200 lines, For the 
past 2 years, teams have planted these lines in 
11 fields across the United States and meas- 
ured many different traits—height, cob size, 
flowering time, and so on—for each line 

Using those lines, Buckler’ team has also 
puttogether a detailed yenetic map of the maize 
genome, which is belping researchers home in 
‘on target genes by means of an approach called 
nested association mapping. “I’san ineredible 
resource ... on equal par to having the 
sequence.” says Comell’s Thomas Brutnel 

Using the map, researchers can easily pin- 
point the spots on the genome that underlie 
variation in a particular trait, then use the 
genome sequence to figure out which gene is 
at that spot. “It holds [reat] power.” says Jay 
Hollick ofthe University of California, Berke 
ley, “Virtually any trait can be measured: 

Already, Buckler reported, his team has 


pinned down 50 genes that dictate flowering 
time, Some lines flower as much as 45 days 
apart, but no single zene region shifted flower- 
ing time by more than 3 days. 

Another resource introduced at the meet- 
ing will help Buckle 
how 


and others sort out 
enes interact, The agribusiness giant 

Yyngenta announced it was making available 
7500 lines of corn, each representing a 
B73 genome witha single piece of DNA bred 
into it from one of the 25 strains of the Maize 
Diversity Project. Taken together, the line 
incorporate all the genetic diversity of those 
strains but make it easier to understand the 
activity of particular genes. The community 
has long awaited these tools, says Brutnell: 
They are really going to revolutionize the 
way we do genet 
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POLICY FORUM 


LETTERS 


edited by Jennifer Sills 


Editorial Expression of Concern 


IN THE 1 JULY 2005 ISSUE, SCIENCE PUBLISHED THE REPORT “A MAGNETIC NANOPROBE TECH: 
nolo 
Min Lee, Chair, The Internal Investigation Committee, Department of Biolo; 
Korea Advi 
February 2008 that this article, published by Professor Tae-Kook Kim and his co-workers, is 
being investigated along with a paper published in Nature Chemical Biology (2). The corre- 
spondence from Professor Lee states that, although the formal investigation has not yet been 
completed. “our initial investigative results are strong enough to convince us that the two papers 
do not contain any scientific truth 

‘Science is publishing this Editorial Expression of Concern to alert our readers to the fact that 
n raised about the validity of the findings in the Won eral. paper. We 
are working with the authors and KAIST to determine 


molecular interactions in live cells” by J. Won er al. (1). Professor Gyun 
al Scieno 


for detecti 


nced Institute of Science and Technology (KAIST), notified Science on 28 


serious questions have be 


appropriate next steps. 
DONALD KENNEDY® AND BRUCE ALBERTS? 
"Editor Emeritus; *Edtor-in-Chiet 


References 
1. J. Wom ta, Science 309, 121 (2005) 
2. I Wom et ol, Not, Chem. Bil 2,369 (2006) 


Rewarding Reviewers plausible metric of performance, and provide 


little positive feedback for the effort, In my 


DOUBTLESS, HORDES OF EDITORS NODDED experience with Science. submitting thought- 
theirheads in commiseration with W.E.Perrin’s fully erafied review elicited no acknowledg- 
Letter, “In search of peer reviewers" (4 January, ment, Was the review received? Were the com= 


‘ments instructive? What was the fate of the 
‘manuscript in question? 

Editors will best succeed in get- 
ting reviewers not by simply mak- 
ing reviewing a requirement, but 
their part to see that itis, 


p. 32), weary of both difficulty in recruiting 
competent peer reviewers and complaints from 


the same reluctint professionalsabout the 
inadequacy of their own manuscrpis™ 
posal review panels for two g . 7 
ment agencies, Pertn’ figure of “8 oF } 
10 tiesto Find someone" rings tre. 

racious reply would assuredly appeal to 


But his admonishment of scientists who 
are evasive to review yet quick tocomplain 

the desire prevalent among scientists to serve 
the community 


lacks a measure of introspection that could 
The editorial establishment could 


drive real change. 
even further to encourage willing reviewers 


In the crucible of academic advancement, 
scientists have staggering demands on their 

at little added expense. They could leverage 
@ primary currency of academic scien 


time, Perrin’s suggestion to include reviewin, 
in job descriptions and tenure evaluations 
prestige—and present an award to their best 
reviewer(s) each year. They could also 


help make reviewing a component of 


reviewers. In my experiences editing a 
book and managing numerous pro- 


rewarded, Even an acknowled 
ment adding the reviewer’. name 
and journal’s manuscript number 

to a form letter would make the 
activity “count.” A somewhat more 


acknowledges that these pressures divert sei- 
entists from volunte 


reviews. However, 


SCIENCE 


EDUCATIC 


researchers’ competitiveness for funding by 
encouraging funding agencies to include a 


count of average manuscript reviews per 
year on applicant CVs, 
(MATTHEW A. METZ, 


CUBRC Center for International Science and Technology 
‘Advancement, Washington, DC 20036, USA, 


Rating Reviewers 

AS THE EDITOR-IN-CHIEF OF ACM TRANS- 
actions on Information Systems and a member 
‘of a dozen editorial boards over the years, 
resonate with the Letters by W. F. Perrin and 
R.S.Zucker (4 January, p, 32), and I encour 
even more vigorous consideration of peer 


reviewer responsibilities and merits. Good 
reviews are a precious human resource for the 
beginning 
tosee more accountability and consideration of 
several fronts, Traditional p 


advancement of science, 


reviewed journals are increasingly adopting 
electronic manuscript managem 
which provide databases of reviews that persist 
beyond the tenures of individual editors, This 


it systems, 


technology offers new challenges and opportu- 
nities wo assess the review process. Notonly can 
reviews be stored, managed. and possibly 
agreyated. but many of the commercial and 
professional journal systems allow editors to 
rate the quality of reviews (although at present, 
this typically consists of simple Likert-scaled 
values for timeliness and depth), These syst 
will increasingly lead to tangible waystoat least 
‘count reviewer participation and perhaps assess 


ns 


the quality of reviewer participation in a seien- 
tific community over time. Editors may be 
ts of review quality 
for promotion and tenure committees or immi- 


asked to provide assessm. 


gration appeals. Such systems also have the 
potential to make ephemeral blind reviews 
more archival, thus providing a historical 
recond of the reviews themselves and a possible 
corpus of data for future historians of science to 
mine inorder to understand how reviews it into 
the development of scientific breakthroughs 
and human progress. Questions about review 
‘ownership may also arise. 

Reviewers should be encouraged to 
actively participate in the scholarly discourse 
of publication and be rewarded for this partic~ 
ipation. Young researchers must especially 
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‘understand that their participation is not only 
expected, but that the ability to assess 1 
participation will increase over time. 

GARY MARCHIONINE 


School of Information and Library Science, University of 
‘North Carolina Chapel Hil, NC27599, USA. 


Preventing Inequity in 


International Research 


BEING ORIGINALLY FROM AN EASTERN 
European country, I've noticed two possible 
pructices in establishing international re- 
search collaboration between richer and 
poorer countries. In the more desirable sce~ 
nario, investigators from wealthy countries 
spend time living in poorer countries, Where 
they patiently gain trust of local people and 
build capacity in local research infrastructure. 
In the other scenario, investigators use local 
researchers to perform the difficult, risky, and 
demanding part of the work, after which they 
collect the raw data and begin to publish 
papers, In my international health work in 
Africa, I learned of the extremes of both 
approaches. The latter breed of scientists was 
nicknamed the “vampires” by the local com 
‘munity, as they were only seen when flying 
in to collect blood samples, It was difficult, 
to avoid associations to the “vampires” when 
reading the Report “Cognitive recover 
socially deprived young children: The Bucha- 
test Early Intervention Project." by C. A. Nelson 
IM etal, (21 December 2007, p. 1937). 

Reading this Report raised a number of 
questions, How was it possible to publish 
this study without any coauthors based at 
Romanian institutions? If this study is not 
cause for major ethical concerns, as a related 
Policy Forum (/) suggested why was it not 
tially conducted in deprived areas of the west- 
ern country? Would Seience publish exactly the 
same paper on 187 Romanian children if all 
coauthors were Romanian scientists? 

Tam absolutely sure that the authors of the 
study and the Sc/ence editors could easily pro- 
Vide perfectly reasonable answers to all three 
of my intuitive questions. However, I don’t 


Letters to the Editor 


TECHNICAL COMMENT ABSTRACTS 


Comment on “Early Archaean Microorganisms Preferred Elemental Sulfur, 


Not Sulfate” 


Huiming Bao, Tao Sun, Issaku Kohl, Yongbo Peng 


Phitippot etal. (Reports, 14 September 2007, p. 1534) interpreted mutiple-sullur isotopic compositions of ~3.5- 
billion-year-old marine sulfide deposits as evidence that early Archaean microorganisms were not sulfate reducers 
‘but instead metabolized elemental sulfur. However, their data can be better explained by a scenario involving poor 


‘mixing of photochemical and surface sulfide sources. 


Ful text at wane sciencemag org/cgiconten/tul/31 958681336 
Response to Comment on “Early Archaean Microorganisms Preferred 


Elemental Sulfur, Not Sulfate” 


Pascal Philippot, Mark Van Zuilen, Kevin Lepot, Christophe Thomazo, James Farquhar, 


‘Martin }. Van Kranendonk 


(Our knowledge ofthe sulfur cycle on early Earth ssl in its intancy. Nevertheless, there exist enough geochemical 
Constraints from the rock record to show thatthe theoretical mixing models proposed by Bao etal. are highly 
‘unlikely to account forthe range of 55 and 5 values recorded forthe microscopic sulfides at the North Pole, 
Full text at wa sclencemag.org/cgi/contentiul/319/5868/1336C 


CORRECTIONS AND CLARIFICATIONS 
‘News of the Week: “A plan to capture human diversity in 1000 genomes” by J Kalser (25 January, p. 395). Wang Jun Is 


associate director ofthe Beijing Genomics institte, Shenzhen, 


Research Articles: “Correlation ofthe highestenergy cosmic rays with nearby extragalactic objects” by The Pierre Auger 
Collaboration (9 November 2007, p. 938). An author name was omitted from The Piee Auger Collaboration: B, Kégl sat 
the Laboratoire de /AccaérateurLingaire, Université Paris-Sud, IN2P3ICNRS, Orsay, France. 


think that is really the point. The point is that 
‘when international research collaborations 
between the scientists from the wealthier and 
the poorer countries are based on good princ 
ples of equity and mutual respect, questions 
like these should never even come to mind, 
IGOR RUOAN 


Croatian Centre for Global Health, University of Split 
Medical School, Spit, Croatia. 
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Response 
WE AGREE WHOLEHEARTEDLY WITH RUDAN 
that U.S.-based investigators should invest 
themselves in the local community. As noted 
in the Supporting Online Material, we have 
established an Institute of Child Development 
in Bucharest. The Institute is designed to work 
collaboratively with governmental and non- 
governmental agencies to improve the lives of 
Romanian children and train the next genera- 
tion of Romanian psychological and biomed- 
ical researchers. Similarly. the three main 
tors of this project (CH.Z.. NA. 
and C.A.N,) have appointments on the faculty 
of the Department of Psychology at 1 
University of Bucharest, where they lecture 
several times a year and supervise masters and 
doctoral students. Additionally, we raised the 
funds to support two large national conte 
ences, each of which brought more than 300 


professionals from all over Romania together 
to learn from intemational expertsabout child 
development, neuroscience, and c 
tion. Finally, we have inv 
ing education of our staff and colleagu 
Romania by financially supporting theirtravel 
inside and outside of Romania to attend con- 
ferences and workshops. 

Rudan asks why this work was not done in 
the United States or a similar “western” coun- 
try, We address this in some detail in our 
Supporting Online Material, Briefly, there are 
very few nonhandicapped institutionalized 
children in such countries, whereas in Romani, 
there were tens of thousands of children being 
raised in institutions, In addition, we con- 
ducted the study in Romania because the 
Secretary of State for Child Protection ori 
nally invited us to conduct the study. 

Rudan asks why none of our Romanian col- 
leagues were authors of this paper. As we note 
in reference 32, we are indebted to many 
individuals in Romania who facilitated our 
research, We began the study with collabora- 
tors who were primarily involved in child pro- 
tection or clinical work—not child develop- 
‘ment research, These colleagues did not make 
the requisite substantial scholarly contributions 
to this paper required by scientific organiza~ 
tions (such as the American Psychological 
Association) for authorship. That is, none con- 
tributed to the experimental design, statistical 
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analysis, data interpretation, or manuscript 
preparation that one typically associates with 
journal authorship. This does not diminish their 
contributions to the study in any 
indeed. three of our most important colle 
‘are authors on another paper from the study (/) 

Rudan advo 
spend a substantial amount of time in poorer 
untries before conducting research. He 
contrasts this with exploitation of local 
investigators by outsiders, We submit that 
there may be other alternatives. As desirable 
as Rudan’s first approach may be, our 
resources did not permit us to adopt it 
Instead, we hired an all-Romanian staff, 
invested in their training, and had a full- 
time Romanian-American project mana; 
Who lived in Bucharest for the project's first 
4 years. In the past 7 years, we have contin- 
ued to seek and nurture collaborations with 
academies and child protection profession- 
als, and we hope that those will cont 
grow over time. In addition to the Institute, 
the legacy of BEIP includes creation of the 
Jargest foster care network in Romania at 
the time, supported fully by project funds a 
the outset, but later transferred to the gov- 


He 10 


Constance Holden 
2004 National Mental 
Health Assocation: 
Media Award 


ernment. These foster homes continue to 
provide care to abandoned children 
Thankfully, they have now been joined by 
hundreds of new foster homes throughout 
Bucharest and beyond. 
‘CHARLES A. NELSON II, CHARLES H. ZEANAH? 
NATHAN A. FOX, PETER J. MARSHALL* 
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University Health Sciences Center, New Orleans, 1A 70112, 
USA. "Department of Human Developmert. University of 
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Psychology, Temple University, Piadlpia, 19122, USA. 
“Anvesty of Cable, Los Angels, CA 90095, USA 
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AIDS Vaccine Research: 
Consider Co-Infections 


IN THE NEWS OF THE WEEK STORY “TRIALS 
of NIH's AIDS vaccine get a yellow light” 
(21 December 2007, p. 1852), J. Cohen 
and B. Lester report on the NIH Vaccine 


What makes a first-class news story? 


ASE 


Richard Kerr Colin Norman 
2006 Geological Saity | News Editor, 
of America: Publ ‘Science magazine 


A first-class editorial team. Award-winning journalists write for 
Science—with 12 top awards in the last four years. That's why we have 
the most compelling stories, and the biggest readership of any general 
scientific publication. To see the complete list of awards go to: 


sciencemag.org/newsawards. 
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Research Center (VRC) AIDS vaccine trial 
that was put on hold, and they discuss 
whether the initiative should be continued, 
The VRC AIDS vaccine is based on an aden- 
ovirus S (Ad5) vector similar to the Merck 
STEP vaccine for which the trial was halted 
lier this year (J). The authors cite the 
uments for and against continuing the 
VRC trial in a smaller group of participants 
that excludes people who have antibodies 
against AdS, The arguments include ethical 


issues inherent in a vaccine with limited 
applicability and the lack of proven eff 
‘of the vaccine in preclinical research, 
‘We suggest another factor to consider in 
making this decision: The risk for the 
AdS seronegative participants to become 
infected with both HIV and AdS should be 
taken into account, especially in countries, 
such as Swaziland, where both viruses are 
highly endemic (seroprevale' and 
900%, respectively), 
‘ROB GRUTERS AND AB OSTERHAUS 


Department of Virology, Erasmus MC, s"Gravendiiwal 230, 
Rotterdam, Netheslands, 
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COMPUTERS 


News from Avatar Editors 


Dan Hunter 


F the many ways to bifureate the 
human population, one is to consider 
whether you will find the book The 


Second Life Heruld compelling or silly. A sim- 
ple way to decide this for yourself is to con- 
sider its opening paragraph 


It was a quiet night at the Alphaville 
Herald. The newspaper had been put to 
bed and a man known as Urizenus, its 
publisher, was as usual the last one in 


the office. He busied himself closit 


up shop, tending to fireplaces and 


ning up the messes that had accu 
mulated over the course of the day. It 
took a few minutes to get Uris 
Cheddar Cheese Cheetah and a tabby 
ned Black, back into their cage: 
‘Then he turned out the lights, locked up 
for the night, and headed home, 


The events in that paragraph and much of 
‘what follows in the book took place in a virtual 
‘world. As any number of breathless news sto- 
ries have by now explained, these worlds are 
e around a 


online spaces where users naviga 


representation of a physical space using their 
avatar or “toon.” In doing so, they potentially 
interact with thousands or hundreds of thou- 
sands of other users. Although these environ 
‘ments ane remarkable technological achieve- 
ments, for all their sophistication they still 
huge imaginative leap. They ask the 
and the authors of this book ask the 
reader—to “be” in the offices of this virt 
newspaper. They ask us to take seriously the 
idea that those sets of scripted pixels that appear 
oon the sereen as “cats” aren’t just entries in a 
database, but really are Urizenus’s pets. 

And so how you feel about this book will 
in the end, come down to the metaphysical 
question of whether you think that the events 
recounted in it actually “took place” inside 
some world—rather than within the febrile 
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ind the other users of the 
‘computer systems that con- 
stitute the two worlds at the 


core of the book, The Sims 

Online and Second Life 
Apart from studyin 

virtual worlds for a bi 

Tam among the converte 

on this question, and I 

have no problem with the 


Mark Wallace 


life have occurred within the boundaries of 
various online worlds. For people like me. 
don’t find the opening paragraph 
htly ludicrous, the book is one of the best 
“counts of why these worlds matter now 


and will matter even more in the future, as 
they are put to all manner of uses: scientific 
experiments, s 
erty investment, Sex, 


| interactions, work, prop- 
«dso on, Peter Ludlow 
(a professor of philosophy and linguis- 
ties at the University of Toronto) and 
Mark Wallace 


a freelance journalist) 


were the editors of the virtual newspa- 
pers the Alphaville Herald (in The Sims 
Online) and the Second Life Herald (in 
Second Life), nd they take these worlds 


seriously. The stories that they have 


lected from their eponymous news- 
stories of virtual prostitution, 
nd the like 

are amusing, often racy, and engaging. 
Their meditations on some of the interesting 
questions that emerge from virtual worlds 

I, or 


asset trading. censorship, 


on issues like what experiences are r 
how we should structure the governance of 


tance of virtual worlds, this book may just be 


the evidence they need to dismiss them alto- 
gether. The book's dominant theme is a me 
tation on the injustices that game developers 
inflict upon users. At times, the narrative 
comes across as an airless, quasi-Marxist di 
tribe, with big business (in the form of the 


developers) crushing the proletariat (in the 


The Second Life Herald 


by Peter Ludlow and Be 


form of the Heralds’ editors or some 
users whose cases they champion 
book is written somewhat in the style of the 


Heralds, that is, a mannered imperson 
of a hard-boiled de news- 
paperman cirea 1930, For those 
familiar with Second Life, the 
authors’ impersonation of J. J. 
Hunsecker (via Dashiell Hammett, 
as interpreted by Humphrey 


art, with a dash of Cary Grant, 
etc.) will come as no surprise, 
Second Life is mostly an elaborate 


drag performance, and the act 
‘out of various elaborations of the 


self—sexual, physical, emotional 
is about the only thing 
ra nt. People sur 


aren't there because of the aesthetic appeal of 


and so on 
for the environm 


the environment 

[This doesn’t quite explain why Second 
Life became, briefly, such a hotspot for corpo- 
rate public relations, Nevertheless, it evident 
that there was more going on there than the 


simple economies of hype and the fact that 


Second Life was a relatively cheap way for 


anxious marketers to head into online spaces 
that they didn’t really understand, Second Life 


Urizenus Sklar, founder and contributing editor. 


© surface and doesn’t reflect 


jous sense (game worlds like 


is all perform 
life in any se 
World of Wa 


raft or Everquest are pro- 
foundly more mimetic). The thinness of the 
projections available in Second Lit, and the 
plasticity ofthe images. must have appealed to 
public relations and marketing types. But that 
is a story for another day.) 

In any event, readers unfamiliar with what 
Ludlow and Wallace are doing may find some 
topes jarring. After a while, even I became 
irritated with the recounting of how Uri 
smoked Virtual stogie while raising a virwal 
glass of scote mpetitor or how the 
Herald was so cheaply “printed” (on the Web) 


www.sciencemag.org, 


i 
i 
i 
i 


that it left virtual ink stains on the hands of the 
residents of The Sims Online. 

However, with luck and some imagination, 
readers will be able to look past these stylistic 
tics, They will find the book answers the ques- 
tion of why they should care about virtual 
worlds. There is life there, and it differs from 
life in physical spaces. Ludlow and Wallace 
offer what may be the best overview of the 
lives that are lived online. There are any nurm- 
ber of books explaining how to make mon 
in Second Life or how to "win" in the vari 
‘game worlds, but until now there were only 
three seminal works—Edward Castronova’s 
Synthetic Worlds (1) and Julian Dibbell’s Mv 
Tiny Life (2) and Play Money (3)—that man- 
aged to help the general reader understand 
Why these new worlds might matter. The 
Second Life Herald sa worthy addition to this 
small group and provides a useful, readable 
‘guide to the recent past and potential future of 
online worlds, 
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PUBLIC HEALTH 


Complexities of a 
Continent 


‘Alash’le G. Abimiku 


IV/AIDS, Miness, and African Well- 
Hiv: links history, cultural ex- 

hhange, economic exploitation, and 
diseases across Africa in a very interesting 
and holistic manner that captivates the 
reader, The chapters were originally pre 
sented at a 2005 conference at the University 
of Texas at Austin, where editors Toyin 
Falola and Matthew Heaton are, respec 
tively, professor and graduate student in the 
Department of History. The authors astutely 
place the havoc caused by HIV in Africa 
Within the broader context of a continent 
struggling with int ous diseases, hi 
rates of disability, and frequent conflicts 


The reviewer i at the Institute of Human Virology, 
Univesity of Maryland, Division of Epidemiology and 
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that substantially weaken 
its ability to achieve eco- 
nomic stability or respond 
appropriately to the HIV 
AIDS pandemic. 

From the ve 
of the book. o 
imerplay between historic 
events and dwindling public 
health: the decades of use of 
bactericidal “chewing sticks"; 
a missed opportunity in 
Ghana to educate the com- 
munity on misconceptions 
about epilepsy: the com- 
promised health of South 
African miners and the 
accompanying poverty, bore- 
dom, depression, alcoholism, 
and prostitution (all ingredi- 
cents that further fuel infectiousness and hope- 
lessness across the continent). very Fascinat- 
ing link between social activities and health 
was forged by the globalization of haji. 
Heaton's chapter on the historical development 
of the West African pilgrimage scheme 
(1919-1938) clearly demonstrates how the 
slobal health system was com- 
promised by a colonial regime 
more interested in staying. in 
power than in protecting the 
health and citizenship of its pil- 
‘grims. However. colonization 
had some positive impact on 
Africans’ health (for examp! 
the reduction of river blindness 
and eradication of smallpox), 

By presenting Africa's 
health issues in the context of 
its past socioeconomic pra 
tices, the book leads readers to envision bet- 
ter health outcomes that could have been 
based on the best of traditional and western- 
ized Africa, One wonders, for example, how 
effective the eradication of malaria might 
have been if indigenous knowledge had been 
used along with Western medical discover- 
ies. The overreliance on the latter led to 
overuse and underdosing. respectively. of 
DDT and chloroquine, which promoted 
resistant strains. Iruka Okeke’s especially 
informative chapter on the trends and con- 
ainment of antimicrobial resistance in 
Africa offers potential solutions 

Quite appropriately. the editors devote sev- 
cera chapters to the devastation caused by HIV. 
These include quotes from key individuals 
stich as Kofi Annan, Paul Farmer, Stephen 
Lewis, and Nobel laureate Joshua Lederbes 
who point out that despite multilateral inti 
tives targeting the HIV pandemic in sub- 


beginning 
senses the 


Collaborative ef 


HIV/AIDS, 


BOOKS erat [ 


fort. Johns Hopkins’s Laura Guay (lett) and Makerere 


University’s Philippa Musoke at their lab building in Kampala, Uganda, 
the day that the country’s first shipment of nevirapine arrived 


Saharan Africa the global response has been 
‘complacent, Yacouba Banhoro’s perspective on 
trends in AIDS in Burkina Faso between 1985 
and 2001 questions the efficacy with which 
state policies and strategies o fight HIV/AIDS 
have been implemented. Mandi Chikombero 
reports focus-group discussions among Zim- 

babweans that illustrate how a 
colture that does not allow open 
discussion of sex worsens the 
fear, anger, confusion, and de- 
nial experienced by HIV-infected 
persons, Such hopelessness could 
explain the deliberate attempts 
boy infected persons to spread the 
virus to unsuspecting. vietims. 


Ine 
Being 


Heaton, Ed 


Nevertheless, the successes en- 
joyed by Uganda and Senegal in 
reversing upward trends of AIDS 
clearly show that with a commit. 
ted government atthe helm other Affican coun 
tries could at least contain their epidemics 
HIVIAIDS, Mness, and African Well- 
Being highlights the social, economic, and 
epidemiological complexities that beset the 
health of tens of millions of Africans. The 
authors’ accounts suggest that ef 
responses to epidemics such as HIV/AIDS in 
Africa must combine efforts to block disease 
transmission, improve public health, and 
promote economic development into a more 
holistic approach. Alliances between re- 
searchers in the developed West and their 
African colleagues to seek effective and last- 
ing solutions to Africa's diseases may offer 
lessons on how the West can care for neg- 
lected minority populations that share simi- 
lar epidemics with Africa, Global efforts to 
improve Africans’ health must be bold. not 
tentative, and draw on lessons from history. 
oa126/eienee 3152217 
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MEDICINE 


Moving Toward Transparency 


of Clinical Trials 
Deborah A. Zarin* and Tony Tse 


almost steady flow of articles have 
ocused on the dangers or lack of effi- 
-y of widely used drugs, along with 
jons of hidden information, misinter- 


teers that had never been publicly dissemi: 
nated (/, 2). The uproar caused by ana 
of previously unpublished studies of the dia- 
betes drug, Avandia, indicating that it may be 
harmful (3), is one recent example (4-8). Asa 
result, many question whether sul 
information about the safety and effi 
‘medical interventions is available to the pub- 
lic (Y) and whether society is meeting its eth~ 


(CLINICAL TRIALS REGISTRY 


ical responsibilities to human volunteers who 
put themselves at risk (/0, 17). Although 
advances in all areas of science depend on 
five exchange of data, clinical trials warrant 
particular scrutiny because of their use of 
human volunteers and our dependence on 
their results to inform medical decisions. 

The persistent gap between the number of 
trials conducted and the number for which 
results are publicly available has been well- 
documented (/2, 13). Results may not be pub- 
licly disseminated for many reasons, ranging 
from lack of interest by authors or editors to 
publish results that seem uninteresting to out- 
fight attempts to hide “inconvenient” results 
(4). recent study suggests that over 30% of 
trials of 12 antidepressants submitted to the 
Food and Drug Administration (FDA) for 
review, primarily those with negative results, 
have not been published (/). One effect of such 
“positive publication bias” is a boost in the 
apparent efficacy of these interventions. Trial 
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registration policies, which mandate the public 
listing of basic trial information, and results 
database policies, which mandate submission 
and public posting of summary results within a 
certain time frame (/5 
response. However, improving transparency is 


only part of the solution to the broader set of 


concerns about medical interventions, 


Promoting Transparency 
Transparency exists along a continuum from 
documentation that a trial exists to full disclo- 
sure of the results data set at the end ofthe trial 
(see figure, below). “Trial registries” addre 
‘one end of the spectrum by making public a 
summary of protocol details at trial initiation 


RESULTS DATABASE 


“Results databases” provide public sum- 
maries of results for key trial end points, 
‘whether published or not. Some policies pro- 
mote public access to data sets, stich as the 
National Institutes of Health (NIH) Data 
‘Sharing Policy (/6) and the policy ofthe Annals 
of Internal Medicine policy, which publishes 
author statements of willingness to share study 
protocols, statistical codes, and data sets (17). 


Numerous clinical trial registries exist; the 
NIH has maintained ClinicalTrials.gov. the 


icalTrials.gov, the Food and 


Drug Administration Modernization Act of 


1997, called for the registration of some trials 
of drug effectiveness for “serious or life- 
threatening diseases and conditions” (19), 
other registration policies have encouraged 
broader voluntary registration of tial infor- 
mation. A policy by the International Com- 
mittee of Medical Journal Editors (ICMJE) 
that requires prospective trial registration as a 
precondition for publication. effective 
September 2005 (20), led to a 73% increase in 
trial registrations of all intervention types 


from around the world (2/). This increased 


represent ane type of 


‘As new policies promote transparency of 
clinical trials through registries and results 
databases, further issues arise and require 
examination. 


rate of trial registration has stayed constant at 
about 250 new trials per week, resulting in 
nearly 44,800 trials from 150 countries as of 
‘September 2007, 

ince 2005, the US. Congress has consid- 
ered bills calling for clinical trial registration 
and results reporting (22) and, on 27 Sept- 
ember 2007, enacted the FDA Amendments 
Act (FDAAA) (23). Section 801 of this law 
(*FDAAA 801") expands the scope of required 
registrations at ClinicalTrials.gov and pro- 
Viiles forthe first federally funded trial results 
database. It mandates registration ofa set of 
controlled clinical investigations, other than 
phase I trials, of drugs, biologics, and devices 
subject to regulation by the FDA. The law 
applies to research for any condition regard- 
Jess of sponsor type (e.g. industry, zovern- 
ment, or academic), These new statutory 
requirements, although broader than previous 
Jaw, remain narrower than the transnational 

cies of the ICMJE and the World Health 
ization (WHO), which call for the regis 
tration of all interventional studies in human 
beings regardless of intervention type (//, 24), 
FDAAA 801 also increases the number of 
mandatory data elements, corresponding to 
the WHO and ICMJE intemational standard, 
aand requires ClinicalTrials.gov to link the 
istry to specified, existing results information 
publicly available from the FDA Web site, 
including summary safety and effectiv 
data, public health advisories, and action pack- 
ages for drug approval. 

FDAAA 801 also calls on the NIH to 
augment ClinicalTrials.gov to include a 
“basic results” database by September 2008, 
Data elements specified in the law include 
participant demographics and baseline char- 
acteristics: primary and secondary out- 
comes and statistical analyses; and disclo- 
sure of agreements between sponsors and 
nonemployees restricting researchers from 
disseminating results at scientific forums. 
Generally, these data will be available to the 
public within 12 months of trial completion 
oo within 30 days of FDA approval (or clear- 
ance for devices) of a new drug, biologic, or 
device. The capacity to collect and display 
serious and frequent adverse event data 
observed during a trial is to be added to the 
system within 2 years. 
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Will FDAAA 801 Solve Recent Problems? 
The table (below) illustrates a typology of 
public concems about the system of evaluat- 
ing drugs and dev fe categorized 
selected recent controversial issues by alleged 
problem: design, conduct, or analysis of the 
study; lack of public information about the 
study existence or results; and regulatory 
agency decision-makin; 

FDAAA R01 directly addresses iss 
stemming from a lack of transparency in clin- 
ical trials, represented by the examples in the 
highlighted section of the table. For instance, 
GlaxoSmithKline (GSK)- sponsored trial data 
for the heavily promoted antidepressant Paxil 
showing effieacy and safety concems in chil- 
dren and adolescents were not available to the 
public (25, 26). The resulting 2004 legal set- 
tlement between GSK and the New York State 
Attorney General's office required GSK to 
develop a publicly accessible, online results 
(27) for the timely, comprehensive 
of trial results for company-marketed 
drugs (28, 29). In the case of Vioxx, a 
COX-2 nonsteroidal anti-inflammatory drug 
(NSAID), "Several early, large clinical trials 

. Were not published in the academic lite 
ture for years after Merck made them avail- 
able to the FDA, preventing independent 
investigators from accurately determining its 
cularrisk..." (p. 122) (30). With evi- 
nce that Vioxx is associated with increased 
cardiovaseu equent clinical 
trials, the drug was voluntarily withdrawn 
from the market in September 2004, 

More recently. questions have focused on 
the ENHANCE trial, an industry-sponsored 
study of Zetia, a marketed nonstatin choles- 
terolowering drug that is also a component 
of the cholesterol-lowering drug Vytorin 
Issues include delayed trial registration and 
results reporting, as well as attempting to 
modify prespecified primary outcome meas- 

37), Results, generally regarded as nega- 
tive, were revealed in company press release 
(32) after intense media attention and a con- 
_gressional investigation (2). 

Issues related to the design or conduct 
of clinical trials, including research ethi 
‘are not covered by FDAAA S01. For exam- 
ple, allegations of human research protec- 
tions violations in a 1996 Trovan (anti 
biotic) study on children in Zaire (33) and 
ity questions about Ketek (anti- 
biotic) study 3014, in which FDA inspe: 
tors detected data fraud and other serious 
violations (34), would not be affected by 
FDAAA SOL. Further, Merck studies of 
Arcoxia, a COX-2 NSAID, involving over 
34,000 patients, were judged to be of lim- 
ited scientific interest because of the use of 
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an “inappropriate” comparator with many 
known side effects of its own (35), Never- 
theless. it is possible that complete trial 
registration and results reporting might 
have helped institutional review boards 
(IRBs) assess the need for each additional 
Arcoxia trial. 

Although current policies have focused 
‘on interventional studies, observational 
studies play an increasingly critical role in 
biomedical research, especially in the 
assessment of safety after an intervention 
comes into widespread use. Postmarket 
observational studies provide data about 
rare, unanticipated adverse effects from the 
exposure of large numbers of heterog 
neous individuals over periods of time 
longer than typically studied in controlled 
trials (36). Despite methodological limita- 
tions, such as susceptibility to confounding 
factors and other sources of bias, which 
potentially lead to inconclusive or mislead- 
ing results [e.g.. data on risks of post- 
menopausal hormone replacement therapy 
from the Women’s Health Initiative (37)], 
‘observational research, nevertheless, can 
play a useful, complementary role to inter- 
ventional studies (38). Yet observational 
studies have received less attention in the 
«quest for transparency: 

In the case of a cholesterol-lowering 
drug (Baycol), a company-conducted obser- 
vational study showed a higher relative rate 
‘of muscle breakdown for Baycol compared 
with another marketed statin. This finding 
was never reported publicly, but became 
available as a result of litigation (39), In 
another case, results of a Bayer-commis- 
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sioned postmarket observational study of 
{67,000 patients that raised concerns about 
associations between Trasylol, a clotting 
drug, and cardiovascular or renal risk were 
not released by the company until after an 
FDA advisory committee meeting to evaluate 
the safety of Trasylol (36, 40). In Nov- 
ember 2007, Bayer announced the volun- 
tary suspension of Trasylol sales world- 
wide, pending further analysis of safety 
data, Some cases reflect a deficiency in 
monitoring serious adverse events once a 
drug or device is marketed. In other cases, 
such as Guidant’s Ventak Prizm 2 DR 
implantable cardioverter-defibrillator, infor= 
mation about a problematic adverse event 
profile (i¢., device malfunctions) was not 
publicly disseminated ina timely fashion (42). 

Other concerns relate to thresholds for 
determining what and how much data are 
sufficient to prompt regulatory decisions 
regarding the availability or labeling of a 
medical product, For example, questions 
have been raised about the timeliness and 
adequacy of FDA'S response to data on 
Avandia (42), trials of Ketek (34), and on the 
use of some antidepressants in children 
(43, 44), Transparency policies alone do not 
address these issues, although they could 
help to empower members of the publie who 
believe that regulatory action is warranted. 
For example, FDA mandated el sto the 
Avandia label in November 2007 to reflect 
the risk of myocardial infarction; this risk 
\was first publicized in a meta-analysis pub- 
lished in June 2007 (3) that used, in part, data 
from the GSK database mandated by the 
Paxil settlement, 


Design, conduct, or analysis» Appropriatenessof comparator Arcoxia (35) NO 
+ Lack of data integityfroud Ketek G4) 
* Insutficent informed consent Trovan (33) 
‘Lack of public information 
Observational study = Suppression of study existence Baycol (39) No 
and rests withheld Taf (38) 
Postmarket adverse event reports + Failure to disseminate data ico" (42) ending 
Regulatory agency decision-making * Delayed agency disclosure KetekG) No. 
+ Delayed agency action andi (42) 


"Vota Prim 20R placate canfowerer efit tor example postmaket surveil adres in FOAAA, 8905. 
‘Sample medical product safety concerns by category of perceived problems. 
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Future Challenges 
FDAAA 801 is intended to greatly expand the 
level of transparency for clinical trials, which 
could have a transforming effect on our 
system of evaluating drugs and devices. 
However, FDAAA 801 still leaves areas of 
“opacity.” For example, although certain 
medical device trials must be registered at 
trial inception, this information is withheld 
from the public until device approval or clear- 
ance by FDA. The resulting “lockbox” pre- 
vents disclosure of trials of devices that are 
never approved or cleared (e.g. where safety 
concerns arose or sponsors abandoned fur- 
ther development). For instance, Boston 
Scientific stopped development of an experi- 
‘mental stent after clinical trials revealed fre- 
quent fractures in the device (45). In addition 
FDAAA 801 does not mandate public report- 
ing for phase I drug trials and trials involving 
investigational interventions not regulated by 
the FDA, such as surgical procedures and 
behavioral therapies. Thus, lessons from 
phase I trials, such as the life-threatening 
adverse events in healthy volunteers caused 
by the superagonist, TGNI412, could go 
unreported to the public and, potentially, 
result in redundant studies by future unsus- 
pecting researchers (46), Further, results 
reporting is currently mandatory only for tri- 
als of FDA-approved medical products, 
allowing the results of unapproved products 
to remain hidden from public view. 
Intellectual property-related issues: 
Current restrictions reflect a delicate bal- 
ance between protection of commercial 
interests and promotion of public health 
(5), Pharmaceutical, biotech, and medical 
device manufacturers are concerned that 
disclosures may undermine competitive 
advantage (47). However, there are impor- 
tant ethical and scientific reasons. for 
broader disclosure: Trial participation by 
humans is predicated on the concept that the 
trial will add to “medical knowledge.” which 
requires dissemination of the results. In 
addition, itis not possible for a volunteer or 
an IRB to assess the risks and benefits of 
participation in a clinical trial ifan unknown 
proportion of data on the proposed interven- 
tions is not publicly available (48). FDAAA 
801 calls on the Secretary of Health and 
Human Services to consider whether public 
health interests would support expanding 
the results requirements to include un- 
approved drugs. biologics, and devices, 
through a 3-year rule-making process. 
Validation of information. Concerns 
have been raised about verifying the com- 
pleteness or accuracy of sponsor- and 
researcher-submitted results data. The vol- 
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ume of completed trials, the lack of access 
to protocols and data sets, and the subjec- 
tive nature of some judgments are barriers 
to validation. The law reflects these con- 
cerns and mandates the reporting of objec- 
tive data in tables. The NIH and FDA are 
directed by the law to conduct a pilot qual- 
ity-control project to determine the optimal 
method of verification, In addition, narra- 
tive summaries could be required in the 
future, but only if*such types of summaries 
can be included without being misleading 
or promotional” (23). Additional research 
will be necessary to explore whether and 
how this might be accomplished. 
Interpretation of information. The results 
database will require an interface to assist 
users in finding study results. One concern is 
that members of the lay public and media 
may be ill-prepared to interpret summary 
results data (49). Currently, there are no stan- 
dards or guidelines for providing and 
explaining study results to trial participants 
or to members of the public (50). FDAAA 
801 calls for the development of informa- 
tional materials for consumers in consult 
tion with health and risk communication 
experts, Furthermore, clinicians may be con- 
cemed that the existence of a results database 
will increase the patient expectations that cli- 
hicians will be knowledgeable about all 
results in the database, even those that were 
never published or discussed in a journal. In 
addition, although the results database will 
facilitate the conduct of carefully performed 
and comprehensive systematic reviews, 
some also worry that the public will have a 
difficult time assessing the quality of the 
‘multitude of analyses that may result (5/). 


Conclusion 

FDAAA 801 should transform the degree of 
public access to critical clinical tial informa- 
tion from publicly and privately funded clini- 
cal research. J. M. Drazen, Editor-in-Chi 
New England Journal of Medicine. has noted 
that currently, some patients are “left on the 
cutting room floor to make a drug look better 
than it really is” (52); FDAAA 801 should go 
along way in ensuring that all patients and all 
data are publicly accounted for. 
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GEOLOGY 


Canyon Cutting on a Grand 


Time Scale 


‘Tim Atkinson’ and Mike Leeder? 


hen Hutton first cones 
mensity of geologic time, he 
remarked that he could see in the 


record of the rocks “no vestige of a beginning, 
ho prospect of an end” to the upheaval and 
\wearing down of mountains (/). Nineteenth- 
century geologists elaborated the notion that 
continuous erosion produced debris carried 
by rivers, ghiciers, and wind to lowlands and 
the sea, where sediments accumulated to 
eventually form rock strata, Hutton’s crucial 
“observation was that some of these strata were 
tilted by upheavals of the crust, only to be 
\worn down again by erosion in renewed eyeles 
of immense duration. 

The question of just how immense fell 10 
20th-century scientists to answer, Through a 
plethora of techniques for measuring rock ages, 
\wenow understand Earth's sedimentary history 
inremarkable dewil. Also understood, although 
in much broader terms, are the episodes of 
crustal uplift, which are caused by vertical 
motions ancillary to the horizontal motions 
of tectonic plates. But interpreting the a 
and histories of continental land surfaces has 
Jagged fur behind. On page 1377 of this issue, 
Polyak ef al. (2) elucidate this side of the cycle. 
They show that the Colorado River has taken 
~20 million years to incise its course downward 
through the I-mile depth ofthe Grand Canyon 
This time scale is not surprising—many geoko~ 
g sistshave lng suspected it—butthe study uses 
£ an ingenious combination of methods to 
& demonstrate it firmly for the first ime. 

% © — Hutton and Lyell might have thought 20 
© million years an immensely long time, but it is 
§ very short relative to the 4500-million-year 
¢ of Earth, and short even compared with the 
§ ages of he sata irugh which be Grand 
Canyon has been cut, The new age for su 
i major Valley confirms that on geological tit 
Fa 
2 
g 
: 
Ly 


scales, the relief of the continents is continu- 


"Department of Earth Sciences, Univesity College London, 
London WCLE 68T, UK. E-mail: tatkinson@uchacuk 
‘eahol f Eavtonmental Scenes Unley af Et 
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‘An artist's depiction of the Grand Canyon, 


New data show how the Grand Canyon has 
been formed over the course of the past 20 
million years. 


n 1879, the British geologist Archibald Geikie met), W. Powell 


and C. €, Dutton, pioneers of western U.S. geology, in Utah. He used the original black-and-white version 


af this drawing by U.S. Geological Survey geotogis 
tial Text-Book of Geology (3). 


discharge and sediment concentrations in 
major rivers. Attempts to estimate the rate of 
incision of valleys go back at east to Archibald 
Geikie (3). His value of | foot (31 em) in 1200 
yearsisin the mid-range of the new data forthe 
Grand Canyon, but it was merely an educated 
guess; Geikie realized that he lacked most of 
the information essential forassessing the inci- 
sion rate of any valley accurately. Because ero- 
sion continually wears almost all topography 
some fortuitously preserved benchmark 
is needed that can indicate the level of the: 
ley floor at a certain time in the past, and there 
must be a means of measuring the age of each 
and every benchmark. Comparing the h 
and ages of the benchmarks with the present 
topography then allows the rate of valley inci- 
sion to be deduced. 

This isthe method followed by Polyak etal, 
who use eave deposits marking former posi- 
tions of the water table in the Grand Canyon's 
walls as benchmarks of ancient levels of the 
Fiver bed. Their age-dtating method exploits the 
radioactive decay of uranium via other ele- 
ments to lead. In common with others (4 
they have used recent advances in mass spe 
trometry to extend the younger limit of this 
technique to a few hundred thousand years and 
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artist W. H. Holmes as frontispiece for his influen- 


apply it to eave deposits, All previous uses of 
cave deposits for landform-dating were ham- 
pered by lack of a technique with an age limit 
exceeding | 103 million years (6-8), This lim- 
itation is removed by the new adaptation of the 
turanium-lead (U-Pb) method, The study also 
‘elucidates the role tectonics played in stimulat- 
the incision of the great system of canyons. 
Cutting a deep gorge through an elevated 
plateau requires a through-flowing river and 
progressive development of topographic step 
to cause erosion to propagate upstream. Polyak 
etal. identify a spatial migeatio 


‘of canyon for 


‘mation and a change in incision rate, with older, 
slower down-cutting in the west and younger, 
faster down-cutting in the east 


Previously, incision rates were extrapo- 
lated from radiometric dating of young lava 
flows preserved on low rock terraces 
throughout the canyon system (9), These 
rates were deemed too small to have cut the 
whole canyon in the ~6 million ye 
required by some indirect geological evi- 
dence forthe initiation of the through-flow- 
ing Colorado River: Either the rates were 
higher further back in time, or some eanyon 
relief had been cut earlier. The new study 
supports the latter alternative (10). The 
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necessary western topographic step must 
have been put in place by tectonics about 20 
million years ago. This arose by a combina- 
tion of broad regional uplift due to upper 
mantle processes (/ /) and initiation of the 
Grand Wash Fault at the western edge of the 
Colorado Plateau, The Colorado River of 20 
million years ago poured over this growing 
step on its way westward, 

Each region of the continental crust is 
plified episodically by tectonic forces, but it 
also adjusts continuously to the unloading 
caused by erosion itself, risingat arate slightly 
lessthan that of regional denudation [the aver- 
age rate at which rock is stripped from the 


region as a whole (7)]. The current average 
denudation rate for the drainage area above 
Lake Mead is 145 to 160m per million years 
(12, 13); on the Colorado Plateau itself, it has 
been measured as 26 m per million years (/3). 
The incision rate of 166 to 411 m per million 
years found by Polyak ef al. in the eastern 
Grand Canyon exceeds both these estimates. 
This means that uplift there was too fast to 
have been driven by erosion alone. Tectonic 
forces must have contributed in the past and 
possibly continue to do so today. 
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MOLECULAR BIOLOGY 


A Tail Tale for U 


Marvin Wickens and Jae Eun Kwak 


‘thing we learn about the 
ribonucleic acid (RNA) 
world should surprise us 


any more, RNAS that are destroyed 
{just after synthesis, or salvaged 
from cellular serap heaps, or that 
regulate transeription—the process 
by which RNAs themselves are 
made—already are commonplace. 
‘Yet surely a few things in this fluid 


Worldare fixed suchas the string of 
adenosine bases [poly(A) tail] that 

is added to the end of eukaryotic uoana COE Rerb 
messenger RNAs (mRNAs), the ‘ 

templates transcribed from DNA ther RNA gets is 


that encode proteins. Now even this 
terra firma is unstable, Recent 
work identifies enzymes that syn 
thesize polyuridine [poty(U)}. and 
shows that poly(U) tails not only 
exist on certain mRNAS, but ean 
control mRNA decay. 

Many RNAs receive extra nucleotides at 
their 3” ends after transcription. These “ta 
are not copied from DNA, but are synthesized 
de novo. Poly(A) is the best known, contribut- 
ing to the stability and export of mRNAS and 
their translation to proteins, However, U's are 
added to the ends of guide RNAs that function 
in RNA editing (/) and to certain microRNAs 
(2) and small nuclear RNAS (3). 

Several enzymes that catalyze “tai 
belong to a superfamily of DNA pnd 
merase B-like nucleotidyl transferases (4). 
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Dual-personatity enzyme. Nucleotide polymerases can add a poly(W) tail 
(PUPMTUTase activity) oF poly(A) tail (Star-PAP activity) to specific RNAS to 
control their degradation or stability. 


This includes poly(A) polymerases (PAPS). 
\which add poly(A) to mRNAs. Recently, new 
family of enzymes that add poly((U) was identi- 
fied (5). These poly(U) polymerases (PUPS) 
‘are widespread, from yeast to humans. Another 
‘member of the same superfamily called termi- 
nal uridylate transferase (TU Tase) adds short U 
tails [oligo((U)] to anoncoding RNA. U6 (1.6). 
Although PUPS and TUTases diverge substan- 
tially in sequence. their functions may overlap. 
‘A new PUP-related enzyme identified by 
Mellman et al. (7) is particularly provocative 
because itadds US to one type of RNA and Ato. 
others. Initially, it was shown that the mam- 
malian enzyme U6 TUTase adds one to three U's 


Enzymes add strings of uridine or adenosine to 
control RNA stability. 


to the end of U6 RNA, a small RNA in- 
volvedin RNA splicing (6). Mellman etal 
show that the same enzyme is a diver- 
gent PAP, dubbed Star-PAP. Suar-PAP is 
nuclear, and associates with proteins 
thatcleavethe 3’endof precursormRNAS, 
plying an altemative mRNA proces 
ing machine. fidate MRNA targets 
have been identified and include many 
involved in the oxidative stress response, 

Star-PAP also binds to phosphati- 
dylinositol 4-phosphate S-kinase cf, an 
‘enzyme that generates a specific phos- 
phoinositide, phosphatidylinositol 4,5- 
bisphosphate. Remarkably, the same 
phosphoinositide stimulates Star-PAP 
activity. Thus, perhaps in response to 
stress, the kinase produces a small- 
molecule signal (a phosphoinositide) 
that specifies the maturation of targets: 
mRNAs, Another enzyme that targets 
RNA, ADAR2 is regulated by a differ- 
‘ent phosphoinositide (8). Very likely, small 
molecules regulate other enzymes that act on 
RNA. but have escaped notice, 

Like Star-PAP, other PUPs may be dual- 
purpose. For example, in the yeast Se 
saccharomyces pombi 
U’s or A’s to RNAs in vitro ( 


5.9), Although 
CIDI and other PUPS synthesize only 
poly(U) in the cell (5), their nucleotide pret 


erence could be modulated by small mol 
‘cules or vat ‘ith the targeted RNA, With 
Star-PAP, the phosphoinositide could trigger 
such a switch in activity. In vivo studies are 
needed to test this notion decisively, though 
detecting RNAs that have received poly(U) 
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Will be challenging if they are unstable. 

‘New functions for poly(U) are emerging. 
The tal can beaded to mRNAs totrigger their 
decay. MRNAS that direct the synthests of his- 
tones—the major protein constituents of chro- 
matin—during the cell division cycle are 
rapidly degraded once DNA replication is 
‘completed of blocked. Intermediate mRNA in 
this decay process often have poly(U) tails of 8 
to 10 resid 


directed a 
blocked this degradation, implying tht poly(U) 
addition is essential for their decay. Also, in 


'S. pombe, i PUP auld poly(U) to actin mRNA, 
though its effect on turnover is unknown (9), 
‘Apoly(U) tail may enhance degradation by 
stimulating removal of the mRNA’ 5" cap 
structure, a key step in mRNA. turnover. 
Poly(U) tails enhance “decapping” in a cell- 
free system (//), Likely, the tails bind the Lsm 
protein complex, whichassociates with decap- 


ping factors (11. 12). Indeed. depletion of 
sm inhibits histone mRNA tumover (10). 

Addition of uridines probably has diverse 
consequences, including R 
(6); yet this modification often occurs on 
an RNAS road to ruin (see the 
Aberrantly unmethylated microRNAs in the 
plant Arabidopsis thaliana are modified with 
‘oligo(U) and destroyed (2). Fragmentation of 
mRNA by microRNAs is accompanied by the 
addition of oligo(U) to the pieces before the 
disappear (/3). The most common mRNA 
decay pathway involves association of the Lsm 
omplex to the mRNA after poly(A) removal. 
ven this route may rely on evanescent, short 
oligo( U) because the Lsm complex preferen- 
tially binds 3 terminal uridine tails, 

The discovery of poly(U) tails on mRNAs 
‘opens unexplored territory in the RNA world. 
Dual-personality enzymes could switch an 
mRNA‘ fate from life to death simply by a 
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change in the nucleotide they accept. Others 
may well waitin the wings, along with proteins 
that target specific RNAs, or remove the tails, 
‘Count on new roles for poly(U),an expanding 
list of RNAS that receive it, and more startling 
‘enzymes that put iton and take it off 
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BEHAVIOR 


Punishment and Cooperation 


Herbert Gintis. 


ven champions of modern society 
Be that it involves a loss of commu- 
nity (based on family and ethnic ties) 
and an expansion of civil society, with empha- 
sis on the more impersonal interactions 
among individuals with minimal social ties. 
For two centuries, this dichotomy has an- 
chored our understanding of modern Western 
ty, applauded by its defenders as the 
fount of freedom (/), yet identified as the 
source of inequ the decline of com- 
‘munity (3), the destruction of the environment 
(4), and the impotence of grassroots political 
action (5). On page 1362 of this issue, 
Herrmann etal. (6) report their discovery that 
university students in democratic societ 
with advanced market economies show differ- 
ent social behavior from that exhibited by stu- 
dents in more traditional societies based on 
authoritarian and parochial social institutions. 
the success of dem- 
ocr ty depend critically 
‘on moral virtues as well as material interests, 
so the depiction of as the sphere 
ed self-interest” is radically incorrect. 
‘The standard view holds that human nature 
hhas a private side in which we interact morally 
all circle of intimates and a public 
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side in which we behave as selfish maximizers. 
Herrmann et al. suggest that most individuals 
have a deep reservoir of behaviors and mores 


Voir of moral predispositions is based on an 
inmate prosociality that isa product of our evo- 
lution as a species, as well as the 
‘uniquely human capacity to intemal- 
ize norms of social behavior. Both 
forces. predispose individuals to 
behave morally even when this con- 
flicts with their material interests, 
‘These results are the latest to doc- 
ument a principle of recipro 
according to which people are more 
willing to sacrifice private gain for 
the public good as the cost of the sacrifice 
decreases and as expectations of the extent that 
others will scrifice grows. Inaddition, indi 
uualsembrace such character virtues as honesty, 
trustworthiness, consideration, and loyalty (7). 
Of course, these moral predispositions mode 
ate rather than eliminate considerations of self 
interest and loyalties to kith and kin. 
Suggestive evidence for the principle of 
reciprocity comes from daily life. Forinstane 
political democracy has frequently been 
attained through popular collective action. 
Voting in elections is widespread despite its 
being personally time consuming, and the 


Data from economic games show that 
the effectiveness of punishment in fostering 
cooperation varies greatly from society 

to society. 


benefits are purely public (a single vote can 
change an electoral outcome only with infini- 
tesimal probability), Moreover, citizens in 
democratic societies often vote to give sub- 
stantial sums to charity, and to approve of 
poverty relief, although these measures 
increase the tax burden for the average voter. 


Experimental evidence for reciprocity 
comes from behavioral game theory, which 
uses economic games in Which subjects make 
choices under varied social conditions. For 
instance, Herrmann et al. employ a public 
goods game in which each of four anonymous 
subjectsis initially given 20 tokens, and each is 
told he can place any number of these tokens in 
a public account. The tokens in the account are 
‘multiplied by 1.6 and the result divided evenly 
among the four. At the end of the experiment, 
the tokens are exchanged for real money. 

In this game, each individual helps the 
group most by placing his 20 tokens in the 
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public account, and ifall do so, each eams 32 
tokens. However, if single individual is self- 
ish, he will place nothing in the public account, 
and his earings will be 20 ~ 60(1.6)4 = 44 
tokens. But, if all four are selfish, each eas 
only 20 tokens, Because the four subjects are 
strangers, the standard view of human nature 
suggests that there will be zero contributions. 
However, in the many times this game has been, 
played in a variety of social settings, the older 
view is virtually never supported, and the aver- 
age contribution is about half the initial 
endowment (8), 

The public game indicates that individuals 
generally fall halfway between selfishness 
(keep all 20 tokens) and public-spiritedness 
(place all 20 tokens in the public account). 
However, mean contributions to the public 
account generally fall over many trials, reach- 
ing a very low level afier 10 repetitions, By 
varying the rules of the game, researchers have 
concluded that the principle of reciprocity is 
responsible for the observed decay of coopera 
tion: Subjects who contributed more than aver- 
age on one round contribute less on the follow- 
ing round, showing their disapproval of the 
unfairness of their fellow players. Indeed, a 
single selfish individual in the group can lead 
contributions to spiral down to almost zero, 

‘An innovation of Fehr and Giichier (9), 
used by Herrmann ef af. as well, was to add 
punishment after each round of play. Each 
player A could specify that the player B asso- 
ciated with a particular contribution have 
three tokens deducted from his payoff, for 
each token deducted from As payot. Under 
these new conditions, the high contributors 
punished the low contributors who, in suc- 
ceeding rounds, increased their contributions, 
so that in the 10th and final round, there was 
almost 100% cooperation. The behavioral 
propensity to cooperate with others at per- 
sonal ind {© punish non-cooperators 
even when this is personally costly in the long 


because it increases the payoff of group mem- 
bers ata personal cost tothe punisher. 


‘The natural interpretation is that low con- 
tributors are selfish types who increase their 
contribution after punishment in order to 
avoid future punishment, However, many 
low contributors respond almost as much to 
symbolic as to monetary penalties, which 
indicates that many punishees are not self 
interested but rather are motivated to 
increase their offers because they feel guilty 
for having violated a contribution norm 
(10). However, some researchers found a 
curious phenomenon. A few subjects, when 
punished, rather than contributing more. 
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suspected that it was the high contributors 
who punished them, and responded with 
antisocial punishment: They punished the 
high contributors in future rounds, leading 
the latter to reduce both their contribution 
and altruistic punishment (J). 

Herrmann et al. collected data in 15 coun- 
varying levels of economic 
development. The subjects were university 
students in all societies. The authors found 
that antisocial punishment was rare in the 
most democratic societies and very common 
otherwise, Indexed to the World Democracy 
Audit (WDA) evaluation of countries’ per- 
formance in political rights, civil liberties, 
press freedom, and corruption, the top six 
performers among the countries studied were 
also in the lowest seven for antisocial 
punishment. These were the United States, 
the United Kingdom, Germany, Denmark, 
Australia, and Switzerland. The seventh coun- 
tty in the low antisocial punishment group 
‘wats China, currently among the fastest-grow~ 
ing market economies in the world. The coun- 
tries with a high level of antisocial punish- 
‘ment and at low score on the WDA evaluation 
included Oman, Sauxli Arabia, Greece, Russia, 
Turkey, and Belarus. 

The most likely explanation is that in more 
traditional societies. the experimental setup rep- 
resentsa clash of cultures. On the one hand, high 
payoffs in the experiment require the modern 


ethic of cooperation with unrelated strangers, so 
subjects who are reprimanded for low contribu- 
tion are likely to respond with feelings of guilt 
and a resolve to be more cooperative in the 
future. Ina more traditional society, many ph 
ers may hold to the ethic of altruism and sacri- 
fice on behalf on one’s family and friends, wi 
indifference toward unrelated strangers, When 
punished. such subjects are likely to respond 
‘with anger rather than guilt, Punishing the high 
‘contributors is thus a means of asserting one's 
personal values, which take precedence over 
‘maximizing one’s payoftin the game, 
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On Phytoplankton Trends 
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How are phytoplankton at coastal sites around the world responding to ongoing global change? 


surface layer of lakes and oceans—fuel 

the lacustrine and marine food chains 
and play a key role in regulating atmospheric 
carbon dioxide concentrations. How will ris- 
ing carbon dioxide concentrations in the ait 
and surface ocean in tum affect phytoplank- 
ton? Answering this question is crucial for 
projecting future climate change. However, 
becauise phytoplankton species populations 
appear and disappear within weeks, assessing 
change requires high-resolution monitoring 


Pz==- unicellular algae in the 
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‘of annual eycles over many years, Such long- 
term studiesat coastal sites ranging from estu- 
aries and harbors to open coastlines and 
islands are yielding bewildering variability, 
but also fundamental insights on the driving 
forces that underlie phytoplankton cycles (1), 

An example of regul: provided by a 
ear data set from weekly phytoplankton 
monitoring in Lake Windermere, England, 
which shows that the diatom species Asterio- 
nella formosa dominates phytoplankton 
biomass from autumn to spring buts virtually 
absent during summer; this species drives 
silicon cycling in the lake (2). In contrast, 
weekly data collected in Narragansett Bay in 
Rhode Istand since 1959 reveal that the phyto- 
plankton react with wide fluctuations in com- 
position and timing of the annual biomass 
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peak to driving forces ranging from lar 
scale hydrography to the tempera 
‘of zooplankton growth (3). 

How does phytoplankton performance in 
other regions fit along this spectrum from 
aularity to the venge of chaos 
ill be, or is, the impact of eli- 


monotonous 
(4? And wh 


arly studies of annual cycles of phyto- 
plankton (5-7) led to the idea that seasonal 
changes in biomass and species could be 
attributed to shifts in nutrient and light avail- 
ability, with grazing pressure increasing in 
importance in the aftermath of the spring 
bloom. This annual eyele and its 
driving forces came to be accepted 
as the rule by ecologists and 
modelers, although dev 
were reported (8), However, this 
view assumes that phytoplankton 
can grow faster than their e% 
zooplankton, pathogens 


sumers 


and dinoflagellate blooms in an era of reduced 
‘utrient inputs. These changes were caused by 
a shift in the northeast Pacific Ocean from its 
warm phase to its cold phase, which led to 
massive immigrations of flatfish and crus- 
taceans into San Francisco Bay, where they 
reduced clam abundance and weakened their 
grazing control of phytoplankton growth (9). 
Another interesting case is exhibited by 
collected off the island of Heligoland 
the North Sea since 1967, Here, a 1.5°C 
peratu 
ades resulted ina delay of the spring 
s attrib 


es over the 


nter water tet 


oor ‘00 


10.00 100.00 


Estuaries and oceans as coupled systems. images taken with the MODIS satellite capture episodes of high 


chlorophyll a concentration in the coastal Pacific Ocean (bottom). Narine plankton and fish ar 
into San Francisco Bay (top) through the Golden Gate. Climate-driven variability in the annual rec 


ransported 
itment 


and immigration of predators induces large variability in seasonal algal blooms in San Francisco Bay (9). 
Similar shifts in seasonality, species, and phytoplankton biomass are common in coastal waters, but the forces 
driving these shifts are not well understood. 


cellular phytoplankton consumers divide 
faster than their prey in the presence of 
adequate food supply. Clearly, the mecha- 
nisms keeping consumers and patho 
bay also need to be considered. 

‘The example of San Francisco Bay (see the 
figure) illustrates how shifting grazing pres- 
sure can radically change phytoplankton 
annual cycles. For two decades. a spring 
diatom bloom was followed each year by low 
phytoplankton biomass in the presence of high 
nutrient concentrations, a result of strong top- 
down control by clams and other bottom- 
dwelling suspension feeders dur 
and autumn. This annual cycle 
ruptly in 1999 with the appearance of an 
autumn bloom, 2 new pattern that has persisted 
and led to increases in phytoplankton biomass 


uted to 


azing pressure exerted by larger 


ter and spring zooplankton pop 


ations, 
partly due to an earlier appearance of the 
plankton-feeding larvae of benthic inverte- 
brates (/0). Similar shifts have been re- 
ported from Narragansett Bay. These obse 
vations imply that temperature rather than 
the food supply controls grazing pressure 
in the spring 

In some coastal ecosystems, nutrient 
(nitrogen and/or phosphorus) concentrations 
have declined substantially over the past o 
‘or two decades, indicating clear responses to 
improved wastewater treatment and practices 
to reduce agricultural runoff. However. in 
contrast to lakes and the Black Sea (//), 
coherent phytoplankton responses were not 
apparent, either as synchronous reductions in 
biomass or shifts to communities characteris- 
tic of low-nutrient habitats, 
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Thus. physicochemical environmental 
factors (such as temperature, light, and nutri- 
cents) set the upper limits to biomass build-up 
but do not explain why different phytoplank- 
;on groups and species replace each other or 
why their annual maxima occur when and 
where they do. The fact that most species pro- 
liferate for only a few weeks during specific 
periods suggests that the timing of their 
appearance is regulated by internal as well as 
‘external factors, implying that their lif 
longer time scales. 

Because most phytoplankton species 
difficult to identify routinely under a light 
microscope, it has widely been 
assumed that many species are 
opportunistic and respond to 
favorable growth conditions at 
any season, However, detailed 
investigations of the 


are selected. 


same” 


species collected from different 
periods of 


in the Bay of 
molecular 
led 


the ye 
aly, Us 


visual examination and mating 
experiments indicate that these comprise dis- 
tinct, but eryptic, species (/2, 13). 

The results suggest that species-specific 


life eycle properties have evolved in individ 
ual phytoplankton species ina ma alo- 
gous to that in land plants (/4), However, it 
is unclear how environmental fluctuations 
select phytoplankton species by regulating, 
processes stich as sexuality, formation and 
germination of resting stages, aggregation 
and sinking, and deployment of defense 
mechanisms that deter predators and com 
petitors and ward off infection. 

The poleward retreat of phytoplankton 
species with a minimum temperature require 
‘ment has been reported, as has the poleward 
spread of warm-water species. However, most 
species are temperature-tolerant, and whole- 
sale poleward eneroachment of entire coastal 
‘ecosystems is unlikely. The response of phyto- 
plankton to ongoing climate change also 
depends on the geomorphology and hydrol- 
‘ogy of the respective site. Thus, seasonal shifts, 
in snow-melt and rainfall in the catchment 
areas change patterns of river discharge. 
which in turn affect flushing and nutrient 
delivery rates (15) but also disrupt life eyeles 
‘of dominant species geared to the former 
flushing regime. Basin-scale oscillations in 
the adjoining oceanic regime, modified by 
global warming, can have similarly drastic 
effects on coastal regions (9). 

In addition to these effects, the structure of 
‘coastal food webs down to the level of primary 
producers will have changed as a result of 
severe depletion of commercial fish and 
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shellfish stocks (/6). Drastic changes in com 
‘munity structure due to removal of top preda- 
tors or herbivores have been shown in many ter- 
restral, lake, and marine benthic ecosystems, 
but there are few examples from marine phyto- 
plankton (17, 17). 1 is unlikely that marine 
pelagic ecosystems differ fundamentally from 
all the others, Long-term monitoring strategies 
Will thus have to be broadened to encompass 
the full range of abiotic and biotic factors that 
shape the annual cycles of phytoplankton. 
ed interdisciplinary studies of the 


complex interactions characteristic of coastal 
ecosystems need tobe undertaken before global 
changes obliterate the remnants of the baseline. 
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imino acids not only supply enengy for 
growth and biological functions, they 
ako convey information, alerting the organism 
to the nutritional state of the cellular environ- 
ment. Thus, glucose not only provides potential 
energy for generating adenosine 5"-triphos- 
phate in unicellular organisms, but also 
Instructs them to repress the synthesis of 
enzymes that metabolize altemative substrates, 
In animals, when the concentration of glucose 
in the blood rises, the pancreas secretes insulin, 
the hormone that shuts down glucose produc- 
tion in the liver and stimulates uptake and stor- 
‘age of the sugar in the liver. adipose tissue anal 
muscle. But when the pancreas can no longer 
keep pace with increased demand for insulin, 
hyperglycemia results, a hallmark of diabe 
mellitus, The persistently elevated blood sugar 
concentration eventually provokes the adverse 
consequences associated with diabetes, through 
mechanisms still imperfectly understood, but 
clearly involving an interplay of glucose acting 
both as a substrate and signaling molecule in 
cells, On page 1402 in this issue. Dentin er al. 
(J) describe a previously unknown cell signal- 
ing pathway by which increased concentration 
of circulating glucose accelerates its own pro- 
duction by the liver. This seemingly contrary 
cellular response in the liver to circulating ghu 
cose provides further evidence that we must 
still tease out the complex details of this sugar’s 
metabolism before we can understand how it 
might be managed under disease conditions. 
A cardinal feature of type 2 diabetes mel- 
litus (formerly called adult-onset diabetes 


Ss substrates such as glucose and 
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mellitus) is its self-amplifying nature. As 
increased blood glucose and lipid concentra- 
tions worsen, they directly exacerbate the dis- 
ease. In clinical studies, aggressiv 
treatment of diabetics reduced blood gluco 
concentrations, interrupting the cumulative 
causation and lessening the need for treat- 
ment (2). Mice rendered diabetic through a 
mutation that blocks glucose uptake by mus- 
cle display a secondary defeet—the inabilit 


‘Wormal glucose concentration 


Transcription factor not activated 


High blood glucose concentration causes a 
transcription factor to be modified with a sugar 
‘moiety, triggering the liver to produce yet 
more glucose. 


‘of insulin to suppress glucose production in 
the liver. In these animals, poisoning the glu 
‘cose reabsorption process in the kidneys 
reduces the blood glucose concentration 
while leaving the underlying defect un- 
‘changed and notably ameliorates liver insulin 
resistance (3), These studies argue that hyper- 
slycemia itself brings about insulin resistanes 
in liver, one consequence of “glucose toxic 
ity." Indeed, although the detrimental effects 


Expression of genes that increase glucose production 


Serine switch. Phosphorylation (p) on serine(s) residue 171 of the transcriptional regulatory protein CRTC2 
blocks its effect on glucose production. However, when blood glucose concentration increases, serine 171 
becomes glycosylated, allowing CRIC2 to enter the nucleus, activate the transcription factor CREB, and 
induce the expression of proteins that increase glucose production. GicNac, N-acetylglucosamine, 
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of glucose on insulin responsiveness in mus 
ccleand on insulin secretion from panereas are 
\ell established, the study by Dentin et a. is 
‘one of the few to examine hyperglycemic 
effects in liver. Nonetheless, the existence of 
«glucose toxicity raises the intriguing question 
of whether the cellular signaling pathways 
responsible for the adverse effects of glucose 
same as those involved in normal glu- 
cose signaling 

As extracellular glicose concentration 
varies, intracellular signaling pathways adjust 
cordingly. The glucose signaling pathway 
studied by Dentin er al. was originally 
described as the hexosamine biosynthetic 
pathway in the liver. This pathway generates 
uridine diphosphate (UDP)-.V-acetylglu- 
‘cosimine, a crucial intermediate in the syn- 
thesis of the carbohydrate moiety of complex 
slycoproteins (4), In 1991, Marshall and col- 
leagues proposed that this same pathway 
might respond to persistently elevated extra- 
cellular glucose concentration by causing 
insulin resistance in fat cells. though at that 
time the mechanism was unknown (5). This 
“hexosamine hypothesis” for the zeneration 
of insulin resistance has since been applied 
to other organs as well as to dysfunctional 
insulin secretion, and the current favored 
mechanism is that UDP-N-acetylghico- 
saamine drives the enzymatic, O-linked (modi- 
fication of a hydroxyl group) glycosylation of 
serine and threonine residues in intracellular 
proteins (4, 5). This posttranstational modifi 
cation is widely distributed in normal cells, 
particularly in proteins of the nuclear pore and 
those associated with chromatin. Dentin et al. 
add to the list of such modified proteins 
the transcriptional regulatory protein called 
ducer of regulated cAMP response el 
‘ment-binding protein 2 (TORC2, also known 
as CRTC2). O-linked glycosylation of 
CRTC? activates glucose production in the 
liver and isan example of how this modifiea- 
of proteins serves a clear signaling fune- 
tion in controlling metabolism in the liver 

In the nucleus. CRTC2 associates with 
CREB (cyclic AMP response element-bind- 
ing protein), a transcription factor that acti- 
vates the expression of genes that control 
lycolysis and gluconeogenesis (6). CRTC2 
‘enhances the transcription of genes encoding, 
proteins critical to gluconeogenesis, in par- 
ticular the enzyme glucose-6-phosphatase. 
This enzyme catalyzes the terminal step in 
glucose production by the liver and is nor= 
mally negatively regulated by insulin—when 
insulin concentration is high, total phos- 
phatase concentration is low (7). The cellular 
‘energy sensor adenosine 5'-monophosphate 
(AMP)-activated protein kinase also reduces 
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the concentration of glucose-6-phosphatase, 
‘but it phosphorylates CRTC2 on serine 171, 
inducing its translocation to the cytoplasm 
where it can no longer affect transcription 
(8), Because N-acetylglucosamine attaches 
itself to the same serine that is phosphory. 
lated, glycosylation serves as a switch to pre 
vent the inhibition of CRTC2. The ultimate 
result is that abnormally high blood sugar 
concentration activates enzymes designed to 
release more glucose (7) (see the figure) 

So, is regulation of CRTC2 by O-linked 
glycosylation a normal process that be- 
comes maladaptive during states of nutri- 
tional excess, or is it wholly pathological, 
where pure coincidence allows the hex- 
‘osamine pathway to block phosphorylatio 
Both alternatives seem unlikely. It is diffi- 
cult to see why glucose would induce its own 
synthesis, and it seems improbable that such 
aan elegant control mechanism would evolve 
by chance without some selective pressure. 
Perhaps the answer lies in the complexities 
of liver metabolism, in which viewing gli- 
cose consumption and production as two 
‘opposing. linear pathways is too simplistic. 
For example, glucose-6-phosphatase not 
‘only serves in the net production of glucose, 
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but also catalyzes the eyele that converts 
glucose back to glucose-6-phosphate (and 
back again). Indeed, under at least some 
conditions, increases in extracellular g1 
cose concentration have been associated 
with an increase in this cyeling rather than a 
change in net glucose-6-phosphatase flux 
(4%). Thus, even important new insights such 
«as those provided by Dentin er al. will require 
more study before we can understand how 
they integrate into the complex metabolism 
of an intact organism under normal and 
pathological conditions. 
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Traditional scientific methods need to be expanded to deal with complex issues that arise as social 


systems meet technological innovation, 


T: growth of the World Wide Web and 


the spread of cell phones and 

continues to reorder whole disciplines 
and industries. Entrepreneurs, policy-makers, 
and researchers have recognized that in- 
creased collaboration through these socio- 
technical systems offers compelling opportu- 
nities for business, education, national secu- 
rity, and beyond (/). [tis time for researche 
in science to take network collaboration to the 
next phase and reap the potential intellectual 
and societal payofts (2-4). 

Successfil scientific collaboratories among 
genomic researchers, engineering innova- 
tions through open-source software, and 
community-based participation in cultural 
heritage projectsareall early indicatorsof the 
transformative nature of collaboration (5 
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eBay, Amazon, and Netflix have already 
reshaped consumer markets, while political 
participation and citizen journalism are 
beginning to change civil society. Pat 
centered medical information and s 
electronic health records are improving 
health care while ereating opportunities for 
clinical research. MySpace and Facebook 
encourage casual social networks, but they 
may soon play more serious roles in facilitat- 
ing emergency/disaster response (6). Social 
media platforms such as Wikipedia, flickr, 
and YouTube are also stunning success stories 
of Web-based contributions. 

Understanding these collaboration-cen- 
tered socio-technical systems could acceler- 
ate their adoption and raise their benefits. 
However. researchers will need to develop 
new ways of studying these complex interac- 
tions. Science 1.0 will continue to be impor- 
tant, but new kinds of science, which I call 
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Science 2.0, are needed to study 
the integrated interdisciplinary 
problems at the heart of socio- 
technical systems. Seience 2.0 
Il be especially important to 
meet the design challenges in 
secure voting, global environmen- 
tal protection, energy sustainabil- 
ity, and intemational development 
among many others. 

The guiding strategies of 


2.0: hypothesis testing, predictive 
‘models, and the need for validity, 
replicability, and generalizability. 
However, the Science 2.0 chal- 
lenges cannot be studied ade- 
quately in laboratory conditions 
becauise controlled experiments 
do not capture the rich context of 
Web 2.0 collaboration, where the interaction 
among variables undermines the validity 
‘of reductionist methods (7). Moreover, in 
ience 2.0 the mis of people and technology 
means that data must be collected in real 
settings (see the figure), Amazon and Nettlix 
became commercial successes in part because 
of their frequent evaluations of incremental 
changes to their Web site design as they mon- 
itored user activity and purchases. 
Researchers who wish to foster online 
health care information groups or citizen jour- 
nalism, for example, need fresh research meth- 
ods and theories (8, 9), Individual outcomes 
are difficult enough to study, but understand- 
ing why the Google, YouTube, or Facebook 
communities succeeded in the face of lively 
competition is still more challenging. These 
socio-technical systems are best studied at 
scale, in the real world, by rigorous observa- 
tions (studying successes and failures 
fully chosen interventions (changing inter- 
faces or privacy niles), and ambitious data col- 
lection (analyzing all public user activity). 
When adequately replicated these quantitative 
and qualitative empirical studies can lead to 
predictive models and effective simulations 
that guide future designers and researchers. 
Science 1.0 heroes such as Galileo, 
Newton, and Einstein produced key equations. 
that describe the relationships among grav 
electricity, magnetism, and light, By contrast, 
Science 2.0 leaders are studying trust, empa- 
thy, responsibility, and privacy. The great 
adventure for the next 400 years will be to 
define, measure. and predict the interaction 
among these variables so as to accelerate 
entific discovery, engineering innovation, e- 
commerce, and education (/0). The fivefold 
growth of research on privacy and trust is 
apparent in the past 5 years, whereas empathy 
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and responsibility are just beginning to eap- 
ture attention (J). 

Science 2,0 researchers are adopting 
observational and case study methods as they 
collect quantitative and qualitative data to gain 
support for their hypotheses about whether 
trust increases empathy and whether privacy 
promotes responsibility (/2. 13). Their work 
‘methods are in harmony with research initia- 
tives on Web science (/4), creativity support 
tools, online education (/5), and socially net- 
‘worked communities, among others, 

Advancing Science 2.0 will require a shift 
in priorities to promote integrative thinking 
that combines computer science know-how 
with social science sensitivity. Scien 
researchers who develop innovative theories, 
hypothesis testing based on case study 
research methods. and new predictive models 
are likely to lead the way. The quest for empi 
ical validity will drive research beyond what 
laboratory-based controlled studies can pro- 
vide, while replicability and generalizability 
will be achieved with greater effort through 
multiple case studies. Just as technology- 
centered researchers measured progress in 
petabytes of storage or petatlops of process- 
ing power, collaboration-centered researchers 
will measure the growth of peta-collabs of 
cooperation and peta-contribs of assistance. 

Science 1.0 remains vital, but this ambi- 
tious vision of Science 2.0 will affect research 
funding. educational practices. and evaluia- 
tion of research outcomes. Science funding 
agencies will face resistance as they promot 
a transformation that secks to make a safe 
space for Science 2.0. Scientific journal edi- 
torial boards and conference program com- 
mittees are already shifting their attention to 
new topics and opening their doors to new 
scientific research methods. Pioneering edlu- 


Potitical networking. Collaboration between pairs of U.S. senators is shown by connecting links, The Democratic senators 
(blue) are atthe left and Republican senators (red) at the right; Sanders and Lieberman (magenta) are independents, 
Brownback and McCain were campaigning fr the presidency and did not vote often enough tobe linked. Science 2.0 must 
develop tools like this to analyze human relationships and collaborations (16). 


cators have begun changing their curricula, 
focusing on collaboration strategies and 
teaching new research methods, The inno 
tors are courageously taking on new chal- 
lenges, but they should be ready forthe resist- 
ance to novel ideas that has always been part 

fscience. In that wa we 2.0 is part ofa 
it tradition, 
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Joshua Lederberg (1925-2008) 


Stephen S, Morse 


entists of our age. With his death on 2 

February, the world has lost one of its 
foremost scientific intellects, as well as an 
extraordinary humanitarian, 

These qualities were apparent early in his 
life, Descended from a long line of rabbis, 
Josh was expected to continue the tradition, 
But at age 10, when he decided to become 
scientist instead, his father reassured him that 
“All those who seek the truth are doing God's 
work.” And when two high-school classmates 
died in World War I, he vowed to make up for 
their sacrifice by his own life and work (he 
was too young to be in the war himselt) 

For the many people he helped over the 
years, Josh was the ultimate mentor. Twenty 
years ago at a Rockefeller University gather- 
ing that I attended, his wife Marguerite 
reminded him that he had some virology ques- 
tions, So began a continuing conversation, 
Following up, I sent Josh a memo about 
‘emerging viruses,” and shortly afterwards 
received a handwritten note declaring, “The 
problem of emerging viruses is one that must 
be adklressed atthe highest levels." This k 
the “Conference on Emerging Virus 
John LaMontagne and 1 organized at the 
National Institutes of Health in 1989, in which 
Josh actively participated. He organized and 
chaired a landmark Institute of Medicine 
study on “Emerging Infections: Microbial 
Threats to Health in the United States” (pub- 
lished in 1992), and the subsequent “Forum 
‘on Emenging Infections” (now the “Forum on 
Microbial Threats"), and invited me to work 
With him on these committees. 

Born in Montclair, New Jersey, in 1925, 
Josh grew up in New York City. Afte 
ing from Columbia University in 1944, and 2 
years in medical school, he decided on a 
career in research. Transferring to graduate 
school at Yale University, he studied with 
Edward Tatum and received his Ph.D. in 1947, 
His receipt of the Nobel Prize in 1958 was 
‘based largely on his graduate research on the 
organization of the genetic material in bacte 
ria and on genetic recombination. His work on 
genetic transfer by conjugation opened the 
door to molecular biology with bacteria. At 
the University of Wisconsin, he and his grad- 


Jex Lederberg was one of the great sci 
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uate student Norton 
Zinder discovered trans- 
duction, a mechanism 
of genetic exchange in 
ria facilitated by 


terial virulence factors 
are now known to be 
acquired in this way. In 
1959, Josh moved west 
to start the Departmer 

of Genetics at Stanford 
University. He returned 
to New York in 1978 as 
the fifth president of 
The Rockefeller Uni 


ally retired as president in 1990, he reopened 
his lab, and nurtured many creative young s 
centists. It was not uncommon to spot him on 
campus wearing a short-sleeved shirt and a 
Rockefeller baseball 

His abiding biological interest was in the 
souirees of genetic variation and the effects of 
‘natural selection, Fascinated by the complex 
relationships between humans and microbes, 
he remained concerned that future plagues 
‘might devastate humankind, 

Josh also had a gift for the apt met 
He noted that “the historiography of epidem 
disease is one of the last refuges of the concept 
of special creationism.” In recent years, he 
adopted the metaphor of the food chain, eon 
paring humans and microbes and questioning 
‘which was really at the top of the chain. He 
referred to a “World Wide Web of microbial 
genomes.” prefiguring metagenomics. After 
hearing him speak, the listener might be 
struck later by profound observations that had 
initially gone unnoticed. 

A great visionary, Josh was endlessly curi- 
fous and creative, His footprints can be found 
in many fields. In addition to his wide imer- 
ests in biology, he had long been interested in 
the use of computers in se 
pioneer in the f 
Stanford, he collaborated on DENDRAL. 
an early project in chemical-analysis expert 
systems using computers. Later. he helped 
develop the concept of the “collaboratory.” 
a viral collaboration across geographic 
boundaries. The advent of the Internet is 
now helping to bring that dream to fruition. 
Appropriately, electronic copies of many of 
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The interests of a visionary scientist ranged 
from genetic details of the microbial world to 
new frontiers in computer science and space 
exploration. 


his personal papers are avail= 
able on the Web at the National 
Library of Medicine. 

Perhaps less known is his 
nterest in exobiology (a term 
he coined). After the 
the Spurnik satellite in 1957, 
Josh wanted to ensure that 
biological science w. 
spaice research programs, His 
liest scientific efforts with 
the National Aeronautics and 
Space Administration were 
directed toward developing 
approaches to identify life on 
other planets, Later, he advised 
the agency on precautions for 
decontaminating returning spaceships. 

Josh was.a central figure in science policy, 
and was generous with his time whenever the 
government or colleagues needed his advice 
Before back pain and complications of ortho- 
pedic surgery precluded travel, he would 
regularly shuttle between New York and 
Washington, DC, sometimes making several 
round tripsa week. At one meeting, he eharac- 
ally joked, “Wealways meet inthe most 
ed places.” 

In the last few years, despite often being 
in pain, his eyes lit up whenever the conver- 
sation turned to science. That Josh's conti 
butions to science and science policy were 
of the highest order is indicated by his many 
awards and honors. In addition to the Nobel 
Prize, these included the National Medal of 
Science, election to the National Academy 
of Si arter membership of the 
Institute of Medicine, and the Presidential 
Medal of Freedom, But these only begin to 
hint at his broad interests and contributions. 
He was a longtime board member of the 
Council on Foreign Relations. held the 
Onder of Arts and Letters from France, and 
was an avid reader, from scientific literature 
to military history of World War If and the 
Times Literary Supplement, 

He leaves behind Marguerite, their two 
children and grandchildren, and devoted 
colleagues. But he also leaves generations 
of scientists whom he encouraged and prod- 
ded to new heights. With his brilliance and 
nerosity of spirit, he brought light every- 
where he went 
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An Oncogene-Induced DNA Damage 
Model for Cancer Development 


Thanos D, Halazonetis,"* Vassilis G. Gorgoulis,? Jiri Bartek? 


Of all types of DNA damage, DNA double-strand breaks (DSBs) pose the greatest challenge to 
cells. One might have, therefore, anticipated that a sizable number of DNA DSBs would be 
incompatible with cell proliferation, Yet recent experimental findings suggest that, in both 
precancerous lesions and cancers, activated oncogenes induce stalling and collapse of DNA 
replication forks, which in turn leads to formation of DNA DSBs. This continuous formation of DNA 
DSBs may contribute to the genomic instability that characterizes the vast majority of human 
‘cancers. In addition, in precancerous lesions, these DNA DSBs activate p53, which, by inducing 
apoptosis or senescence, raises a barrier to tumor progression. Breach of this barrier by various 
mechanisms, most notably by p53 mutations, that impair the DNA damage response pathway 
allows cancers to develop. Thus, oncogene-induced DNA damage may explain two key features 
‘of cancer: genomic instability and the high frequency of p53 mutations. 


n-medicine, neoplasia (a Greck word mean- 
Ticino yt 
posed of cells with the heritable capacity t0 
nal confines, Neoplasias 
ean be benign or malignant. The former remain 
localized, whereas the latter, also referred to as 
cancer, invade the host tissues, Some benign 
nneoplasias are precancerous lesions and develop 
‘over time into overt cancers Important goals of 
‘cancer research in the molecular biology ena have 
been to understand the genetic basis of cancer 
and to explain its progressive nature. Here, we 
review a mode! that may contribute to better un= 
derstanding of two features shared by most ean- 
‘cots: genomic instability and 53 mutations. 


DNA DSBs in Cells Expressing 

‘Activated Oncogenes and in Human 
Precancerous Lesions and Cancers 

Until recently, identifying DNA double-strand 
breaks (DSBs) with high sensitivity. was not 
trivial. However, the identification of proteins 
that become recruited to large chromatin domains 
‘anking the DNA DBSs has made it possible to 
Visualize these beaks indirectly by immunoflu- 
‘orescence (J). (Additional references are listed 
in the Supporting Online Material, grouped by 
the section in this review to which they pertain.) 
The intracellular localization of one such po 
tein, pS3 binding protein 1 (S3BP1), was exam- 
ined in cancer cell Hines grown in tissue culture 
and revealed S3BPI nuclear foci (about 10 to 
20 per cell), whose presence is indicative of DNA 
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DSB. No such foci were present in profiferat 
‘normal cells. Because cancer cells ane typ- 
ally not defective in DNA DSB repair, these 
results suggested a continuous cycle of DNA 
DSB formation and repair (1, 2) Further, in the 
panel of cancer cell lines examined, those cell 
Fines with the highest number of S3BP1 foci per 
cell had p53 mutations, possibly reflecting a 
selection for p53 inactivation, because 253 ine 
duces apoptosis or senescence in response 10 
DNA DSBs (/, 2) 

The analysis of cancer cells in tissue culture is 
informative but may not accurately represent the 
state of cancer cells in human patients. Are DNA 
DSBs continuously being generated in human 
cancers? Ifo, at what stages of eancer develop- 
ment? And does DNA DSB formation precede 
the loss of 33 function, as would be expected if 
the DNA DSBs select for 53 inactivation? To 


analyzed precancerous and 
human patients. In the precancerous kesions, be- 
fore p53 mutations were acquired, S3BP 1 localized 
at foci and histone H2AX, ataxia telangiectasia 
(ATM), Chk2. and p$3 were phospbory lated, su 
‘gesting the presence of DNA DSBs (3, 4). In 
‘cancers, evidence for the presence of DNA DSBs, 
suchas phosphorylated histone H2AX and S3BP1 
foci, was again present, but the DNA damage 
checkpoint pathway was compromised, most o 
ten by p53 mutations and less offen by loss of 
‘expression of various checkpoint proteins, such 
as ATM, 
The presence of DNA damage was a feature 
that could distinguish precancerous lesions and 
cancers from nonnal tissues, imespective of their 
proliferation rate (2-4. What could be causing 
the induction of DNA DSBs in the precancerous 
lesions and cancers? Eroded telomeres or muta- 
tions targeting genes required for genome in- 
cerity could be responsible, but neither of the 
characterizes all precancemus lesions (5-8. 


Instead, the presence of activated oncogenes dis- 
tinguishes precancerous lesions from normal tis- 
sues, and in various model systems activated 
‘oncogenes are capable of inducing both DNA 
DSBs anid a DNA damage response (DDR). For 
example, activated ras induces DNA DSBS in 
NIHIBT3 fibroblasts within a single eel! eyele, and 
‘ther oncogenes, including me, evetin E, mos, 
cade2S4, and E2F, have similar effects in various 
cell types and in animal models (4, 9-17). In 
human skin xenograft hyperplasia model, sus- 
tained delivery of growth factors alo led 10 ine 
duction of DNA DSBs and a DDR, in the absence 
of telomere erosion (3), In all these models, the 
majority of cells overexpressing the oncogene 
exhibited a DDR, suggesting that a second sto- 
chastic event was not required for induction of 
DNA damage, 


‘A Tumorigenesis Barrier in 
Human Precancerous Lesions 
In various cell and animal models, activation of 
the DNA damage checkpoint induces p53- 
dependent cell eycle arrest, apoptosis, 
cence (72), The question then arises whether 
apoptosis and senescence are present 
precancerous lesions and, if $0, wh 
subside during cancer progression, when detects 
in the 53 pathway ame acquired. Indeed, the 
‘precancerous tissues show evidk 
for senescence, and both of these are suppressed 
during cancer progression (3, 4, 10, 11. 13). 

This general pattem is observed in multiple 
tumor types. but with interesting tissue-specific 
differences (3. 10, 3). In the lung, the normal 
‘bronchial epithelium has a very low proliferation 
index and negligible apoptosis; the precancerous 
lesions exhibit high levels of apoptosis and a 
high proliferation index; whereas lung carcino 
‘mas have a high protiferation inex but low lev 
ls of apoptosis. In the skin, normal melano 
exhibit a low proliferation index and negligible 
senescence; dysplastic nevi, the precancerous 
lesions, exhibit senescence and a lov prolifera 
tion index (because senescent cells do. not pro- 
liferate); and in melanoma there is loss of the 
senescent phenotype and a high profi 
index. In colon, the nommal tissue has 
proliferation index: progression to axleno- 
ma the precancerous lesion, leads to sen 
and a significant decrease in the proliferation 
index: whereas further progression to carcinoma 
is associated with escape from senescence and a 
high profiferation index similar 10 that of the 
normal tissue. Plotting the apoptosis or senes- 
cence indices of these three tissues (3, 10, 13) 
shows a sharp peak in precancerous lesions, rep- 
resenting a barrier that is raised specifically in that 
stage of cancer development and which is eroded 
upon further tumor progression (Fig. 1), 

The concept of a tumorigenesis barrier aet- 
ing in precancerous lesions contrasts with earlier 
‘models, which considered that precancerous le- 
sions were less aggressive than eancers simply 
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because they had fewer oncogenic mutations 
(14), Instead, the oncogenc-induced DNA dam- 
age model suggests that the less ageressive na- 
ture of precancerous lesions is in part due to the 
tumorigenesis banier imposed by the DNA. dam- 
age checkpoint. This concept is best illustrated 
bby the example of colon adenomas, which have 
«4 lower proliferation index than that of nonmal 
colon (Fig, 1). 


‘The DNA Damage Checkpoint as an Important 
‘Mediator of the Tumorigenesis Barrier 

Much evidence points to p53 as a key protein 
imposing the tumorigenesis barrier in. pre- 
cancerous lesions: Apoptosis and senescence 
are known p33-dependent responses, escape 
from the tumorigenesis barrier correlates with 
(p53 mutations in human cancers, and the tran- 

Mm fiom precancerous les i 

accelerated in pS3-deficient mice (3, 4. 
In fit, in some p53-null mouse models, tumor 
development bypssses the senescence stage (3), 
‘The question that remains 10 be answered is 
‘whether, in precancerous lesions, p33 is activated 
by the DNA damage checkpoint pathway, as the 
‘oncogene-induced DNA damage mode! predicts, 
‘orby one of the other pathways that activate p53, 
With the most serious contender being. the path= 
way that includes the altemative reading. frame 
(ARF) tumor suppressor protein (15). 

Pethaps the strongest evidence in favor of p53 
boing activated by the DNA damage checkpoint 
pathway in human cancers comes trom analysis 
‘of clinical material. Analysis of color ar! blade 
der precancerous lesions by immunohistochem- 
istry showed that the senescence markers coincide 
with the DDR markers (/0). The spectrum of 
‘genetic mutations present in cancer patients also 
‘suggests that pS3 is principally activated by the 
DNA damage checkpoint. Activation of pS3 by 
DNA DSBs is mediated principally by the ki- 
nnases ATM ad Chk2 (72) [nan analysis of S18 
protein kinase genes in 210 human cancers, the 
‘aim gene ranked thitd in terms of mutation fre- 
quency (16). Further, heterozygous chk? yerm- 
Tine mutations predispose one to cancer and can 
occasionally be asociated with a Li-Fraumeni 
syndrome that is indistinguishable from the one 
‘caused by 7:5. germline mutations (7). Lastly 
‘expression of S3BP 1 and MDCI, two DDR pro- 
teins that aet upstream of Chk2 and pS3, is sup~ 
pressed in subsets of melanomas, breast and lung 
‘carcinomas (3), Mutations targeting arf ane also 
frequent in human cancer, but they are typically 
deletions also targeting the tumor suppressor 
seenes INK a and INK4h (15). Point mutations 
targeting arf without affecting INK4a are found 
\with about one-twentieth the frequency of point 
‘mutations targeting exclusively IVA‘. 

‘Atole of the DNA damage checkpoint in me- 
iting a tumorigenesis barrier is also supported 
‘by analysis of cultured primary cells overexpress- 

iz oncogenes. Such cells exhibit apoptosis or 
senescence or both, but these responses are sup- 
‘pressed when ATM is inhibited (/0, 12) In mouse 
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tumor modls, spoptosis induced by oncogenes, 
such as myc, also depends on the DDR pathway, 
‘and inhibiting DDR proteins, such as Chk2, ATM, 
(or Tip6@, facilitates tumor progression (70. 11), 
Tumors also develop in mice deficient for aim or 
‘chk and in mice in Which two residues in pS3 that 
‘are phosphorylated by ATM and Chk2 are sub- 
stituted with alanines (18) 

Nevertheless, there are also observations that 
seem to contradict the notion that the DNA dam 
age checkpoint is an important barr to tumor 
genesis, Find, why is p53 mutated much mone 
frequently in human cancer than any other DNA 
damage checkpoint gene? One exphination is that 
single amino acid substitutions targsting the pS3 
DNA binding domain can caily inactivate the 
proicin (because of its very low melting temper 
ature) and a the same time generate mutants with 
dominant-negative activity. Further, unlike in- 
activation of some upstream DDR protins, such 
as ATM, p53 inactivation does: not compromise 
the G2/M-phase DNA damage checkpoint or 
DNA DSB repair, upon which cancer cells are 
likely w rely to optimize their survival (/2). 

‘A second question is why knockout of the 
‘am and p53 genes in mice Ieads to a shorter 
latency in spontancous tumor formation (median 
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Fig. 1. DNA damage-induced tumorigenesis barrier in 
human precancerous lesions. The proliferation index (P. , 
‘green, the apoptosis or senescence index (AJS.L, purple), 
and the DNA damage response index (DDR, orange) are 
shown for normal tissues, precancerous lesions (PreCA), 
and cancers. For lung tissue, the tumorigenesis barrier is 
‘predominated by the apoptotic index, for melanocytes 


(melan,) and colon, by the senescence index. 
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survival age of about $3 days) than the indi- 
vidual knockouts (medians of about 120 and 
140 days for the aim and p53 knockouts, respec- 
tively) (/8), Further, why do tumors that develop 
in aim-null, p53-hetcrozyyote mice tend 10 lose 
the remaining wikl-ype p53 allele? These obser- 
‘ations appear to contradict the notion that p: 
is activated by ATM in precancerous lesions. 
However, analysis of the median survival ages 
fof mice with all combinations of am and p53 
‘genotypes shows that the eflect of knocking out 
‘one or both alleles of 53 is much smaller in an 
aim-tull background than in heterozygote or 
wild-type atm backgrounds, which is consistent 
‘with ATM activating the tumor suppressor func- 
tion of p53 (/8). The residual tumor suppressor 
function of p53 in atm-null mice can be ex- 
plained in part by activation of pS3 by ATR, an 
ATMetelated kinase that, like ATM, ao responds 
to DNA damage (/2), Further, the residual tumor 
suppressor function of ATM in pS3.null mice 
«an be explained by ATM having multiple subs 
strates in addition 10 pS3, some of whieh, for 
example, NbsI and BRCAL, are also tumor sup- 
pressors (2), 

‘A third question relates to the role of arfas 
aan alternate pathway activating p54 in cancer. 
Inded, many studies examining the role 
of arfin cultured cells and mouse mod- 
¢ls support a role in oncogene-induced 
apoptosis and senescence (/5), although 
there are exceptions, Interestingly, in the 
same mouse model, a lymphoma induced 
by a mv transgene, Iymphomagenesis 
ean be accelerated by knocking out 
either arf or atm, This suggests that 
oth the DDR and the arf pathways, 
have tumor suppressor fictions but 
leaves open the question whether the 
tumor suppressor function of arf is 
pSiaependent. Suidies to answer this 
in mice have led to conflicting 


Some observations suggest that part 
of the tumor suppressor effect of arf is, 
p53-independent, First, in mice, arf is a 
much weaker tumor suppressor than 
«atm o p53: The median survival ages 
of mice null for arf. aim, and pS3 are 
about 350, 120, and 140 days. respec 
tively (5, 18, 19), This is not consistent 
with arf being the major activator of the 
tumor suppressor function of p53. Sec 
‘ond, analysis of tumor formation in mi 
with various combinations of arf’ and 
p53 genotypes suggests that arf and p53 
are acting additively and independently 
of each other. Specifically, the tumor 
suppressor fiction of p53 is not com- 
promised in an arfnull background (19), 
unlike what was observed in an aim-null, 
background (18). Third, arf may be ex 
ening its tumor suppressor function at 
a different stage of cancer development 
than does 53. In a chemical earvinogen- 
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esis mouse skin cancer model, inactivation of arf 
Promotes formation of large papillomas, whereas 
inactivation of 53 promotes progression of 
papillomas to carcinomas (/5). 

Contradicting the results presented above (19), 
two recent studies concluded that p53 did not 
‘have a tumor suppressor function in arFnull mice 
(20), none study, the function of a tamoxifn- 
regulatable p53 protein was tumed on or off, 
and the incidence of radiation-induced lympho- 
maa was monitored. In the other study, 3-methyl- 
ccholanthrene-induced. tumor formation was 
monitored in mice with two or three wikk-type 
(753 alleles. In both studies, 53 status affected 
tumor kineties in a wild-type arf genetic back- 
‘ground but not in an arfnull background. How= 
‘ever, when tumor kinetics were considered in 
all genotypes, the results were consistent with 
p53 and arf acting independently and addi 
tively of each other. The status of p53 had no 
celfect inthe ar/-null background because in 
these models the tumors develop fast in: the 
absence of arf, before any effect of p53 can 
become apparent, Interestingly, in the tamoxifen 
regulatable pS3 model, administration of tamox- 
ifen for a short time window a few weeks after 
imadiation, when precancerous cells are presum- 
ably present, affords tumor protection, Because 
the tumoxifen-regulatable p53 protein requires 
both tamoxifen and a DNA damage signal to 
induce apoptosis (20), this result is consistent 
with the precancerous eels in these mice having 
DNA DSBs. 


DNA Replication Stress Activated 
Underlies DNA DSB Formation oncogenes 
and Genomic Instability in 

Human Precancerous Lesions } 

A key question that follows trom 

the results reviewed so far w- Aberrant 
lates 10 the mechanism by which — proliferation 


ly induce DNA DSBs in human 


activated oncogenes continuous: | 
precancerous lesions and. can 


‘cers, Most oncogenes deregulate DNA 
entry into the cell eyele and Jogo 

0 by directly or indirectly en- seater 
hancing the activities of the Stress + 
ceyelindependent kinases (CDKs)_ DNA DSBS 


that finetion in the Gland S 
pphases of the cell eyele (7. 2/). 
In yeast, deregulation of CDK 
activity compromises DNA rep- 
fication and leads to formation 
‘of DNA DSBs and genomic in- 
stability (22), By analogy, onco- 
genes could induce a state of 
DNA replication stress in human 
precancerous lesions leading 
to the formation of DNA DSBs 
(3.4, 10, I), 

The tem DNA replication 
stress Was originally used to de~ 
seribe the state of DNA repli- 
cation arrest that is induced by 
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deoxynuckotide depletion and is characterized 
by activation of the DNA replication checkpoint 
pathway and inability to complete DNA repli- 
cation in the absence of this checkpoint. Through 
a better understinding of the biology of DNA 
replication forks, it is now possible to define 
DNA replication stress as any systemic state in 
the cell that Keads to collapse of DNA replication 
forks, that is, 10 dissociation of the replication 
proteins fiom the DNA. DNA replication stress 
an be induced by an increase in the number 
of stalled DNA replication forks (some of 
which will inevitably collspse) mediated by 
agents that inhibit DNA replication or by a 
decrease in the stability of stalled forks (be- 
cause there is some fork stalling in normal S 
phases) mafiated by deregulation of DNA rep- 
lication checkpoint proteins. respective of how 
DNA replication stress is induced, the collapse 
of DNA replication forks occurs preferentially at 
fic chromosomal loi called common frag- 

sites (23) These loci are prone to formation 
‘of microdeletions and gross chromosomal rear= 
rangements, because the pathways that ane in- 
duced to complete DNA replication after fork 
collapse ofien involve recombinogenic processes 
and formation of DNA DSBs. 

‘The presence of DNA replication stress in 
human precancerous lesions can be monitored 
bby exploiting the fact that the recombinogenic 
processes that are activated after fork collapse 
have the potential to lead to loss of heterozy~ 


gosity (LOH), Indeed, in both human precan- 
ccerous lesions and in a human skin xenogralt 
hhyperplasia model there is LOH that occurs 
predominantly at the common fragile sites, in- 
voking the presence of DNA replication stress 
(3. A. Expression of oncogenes. in-nontrans- 
formed cells also leads to DNA replication stress, 
Such cells have prematurely tenninated DNA 
replication forks, DNA DSBs that form speciti- 
cally in S phase, sviches of single-stranded DNA, 
and LOH targeting preferentially the common 
fiagile sites (10, 11). 

‘A key prediction of the oncogenc-induced 
DNA damage model is that genomic insta 
in human precancerous lesions and in cancer is 
induced by the oncogenes themselves and is a 
feature of cancer from its carliest stages, How 
does this prediction fit with our curent und 
standing of the mechanisms leading to genomic 
instability in human cancer? In advanced ean- 
cots, multiple mechanisms, including hypoxia, 
inflammation, and cellsnatrix detachment, may 
contribute to genomic instability, but in_pre- 
‘cancerous Kesions fewer mechanisms are likely 
10 be implicated, 

One mechanistr involves telomere erosion, 
hich can lead to transient surges in genomic in- 
stability, when telomeres become critically short 
‘but before telomerase expression is induced (5), 
Telomere erosion almost certainly contributes 10 
‘genomic instability in human cancer, but whether 
it contributes 10 genomic instability. in. human 
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Fig. 2. Oncogene-induced DNA damage model for cancer development and progression. Genomic instability and 
tumor suppression are direct outcomes of oncogene-induced DNA replication stress and are both present from the 
beginning of cancer development, before the transition from precancerous lesion to cancer. 
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precancerous lesions is less clear, Telomere e1o- 
sion is common in human precancerous lesions 
(6), but human skin xenogratis already. show 
genomic instability at common fragile sites a 
few weeks after induction of hyperplasia, be- 
fore any changes in telomere length become 
evident (3), 

‘A second mechanism involves permanent 
increases in genomic instability induced by mu- 
tations in genes whose function is to preserve 
genomic integrity. These so-called caretaker 
igenes include DNA repair and cel eyele check- 
point yenes (7). Indeed, one form oF wenomie 
instability, refered to as microsatellite instability 
(MIN), is caused by mutations in DNA mis- 
atch repair genes (8), However, most human 
‘cancers do not have MIN, but rather have chro- 
mosomal instability (CIN), and the caretaker 
genes, whose deregulation is responsible for 
CIN, have not been identified (24), p53 was 
‘considered initially a "guandian of the genome, 
but p53-null mice do not have overt genomic 
instability (25), In experimental models, candi- 
date caretaker genes have been identified, but 
hone of them are fiequently mutated in sporadic 
human cancers (25). Further, large-scale se- 
{quencing analysis of all known coding regions 
in breast and colorectal cancers has failed to 
identify other genes that couk! account for CIN, 
a lange faction of human cancers (26). Be 
‘cause DNA DSBs can Kead 10 CIN, its possible 
that oncogene-induced DNA damage, rather than 
inactivation of caretaker genes, may contribute 
to CIN in human cancer, a hypothesis that could 
also explain why, in cell fusion experiments, 
CIN, unlike MIN, i. dominant trait (8). 

Genomic instability is considered critical for 
cancer development because it would be difli- 
‘cult otherwise for a nomial cell to accumulate 
all the mutations necessary to become a cancer 
coll (27), Its still unclear whether genomic in- 
stability induced by DNA replication stress has 
any role in cancer progression, but, in oral pre- 
ceancerous lesions, LOH at the common ffagile 
site FRA3B pradicted progression to cancer much 
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beter than any other marker, including $3 mu- 
tations and LOH at the INK4alarf locus (28), 


Unanswered Questions and 
Future Prospects 
‘An oncogene-induced DNA damage model for 
‘cancer development and progression can help 
explain many features of cancer, including its 
tendency to progress, the presence of genomic 
instability, and the tumor suppressor ole of DNA 
DSB checkpoint proteins such as 753 (Fig. 2 
Of course, some aspects of the model need to 
bbe better defined, What is the mechanism by 
\hich oncogenes induce DNA replication stress? 
Under what conditions do oncogenes induce 
DNA replication stress, and is the strength of the 
‘oncogenic signal a critical factor, as suggested 
(297) What is the role of ARF in human cancer 
development? What faction of genomic instability 
is due to DNA replication stress and what fraction 
1 other fictors, such as telomere erosion”? Does 
this model apply to most cancers, or are there tu- 
mor types. perhaps those characterized by low 
levels of genomic instability, in which this mode! 
does niot apply? Lastly, does this model suggest 
ew ways to diagnose and treat cancer? 
With reyard to the last question, one ean en- 
vision new diagnostic methods for precancerous 
lesions. LOH at the common fragile site FRA3B 
shows promise in identifying high-risk pre- 
cancerous ksions (28) It may also be possible 
{to establish immunohistochemistry asstys for 
DNA damage responses in a clinical setting on 
the basis of the assays currently available for ro- 
search (4, 4, /3). An interesting porsibilty would 
bbe to develop cancer therapies, capitalizing ca the 
presence of DNA replication stress specifically in 
cancer cells. DNA. replication novds to resume 
afler replication fork collapse. We suspect that 
cancer cells would not fare well if resumption of 
DNA replication could be inhibited. 
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Dimethylsulfoniopropionate as a 
Foraging Cue for Reef Fishes 


Jennifer L. DeBose,* Sean C, Lema,? Gabrielle A. Nevitt"* 


oral reefs nsemble iskinds of productive 
( habitus where fishes ageregate, forage, 
J spawn, Although it has been sus- 
gested that some reef fishes use biogenic eom- 
pounds as agerevation cues, specific compounds 
have not been identified. Dimethylsulloniopropi- 
‘onate (DMSP) is produced by phytopkankton 
and by benthic algae associated with coral wets 
and is linked tw ocean proxhctivity (/). DSP 
is released during gaving by zoeplankion oF 
‘when herbivores are eater (2, 3), suggesting 
role asa foraging cue, DMSP has been studied 
ntensively for its roe in oceans sulfur cycles 
and globul climate regulation, but its axokogical 
portance to marine fishes is unknown. Here, 
evidence that plinktivorous reef 
fishes wil agureyate to controlled experimental 
deployments of DMSP over coral ref habitats 
inthe wild 
Release experiments were conducted at four 
sites on fringing reels along 62 kin of eastine 
‘off Curagao, Netherlands Antilles. Sites were 
separated by at kaast 14 km, Our aim was 10 
produce a down-current DMSP plume approx 
imating concentrations (1077 wo 10° M) that 
coral ef fish are likely to encounter in nature 
(4, 5). TWo pains of high-density polyethylene 
cearboys (19 liters) containing either DMSP 
(107 M) oF control (distill water) were de- 
ployed 2 10 3m apart at each reef site (6). 
‘Carboys. were suspended midwater and an- 
<chored tothe substats, Carboy 
‘or contol solutions (0. liter per 
reef edge for min, driven by the bun 
Of fiesh water, We reasoned that, if fish used 
DMSP asa foraging cue, then more fish woul 
be atiacted to DMSP than to contol plumes. 
Results indicate that DMSP is a potent 
attractant 10 some planktivorous reef fish 
species, including brown chromis (Chromis 
multilincata, Fig, VA, Friedman's test 4° 


9.66, P = 0.002, n = 8), Creole wrasse 
(Clepticus parrae, Fig. 1B, xe = 25.6, P 
0.001, n= 8), and boga (Inermia vita, Fig. 


IC) (6). Fish also responded to DMSP fol- 
lowing species-specific patterns. For example, 
brown chromis tend to associate with the wef 
‘crest but aggregate in the water column to for- 
‘age on zooplankton (7). During DMSP re- 
leases, their numbers in the water column 
increased 10 nearly four times that of back- 
ground levels. By contrast, Creole wrasse and 
boga tend to occur in open water or on the wef 
edge. These species reetuited to the release 
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sites only in response to DMSP ( 
Additional analysis confirmed th 


1, Band), 


iflerence in background counts taken before 


release between release sites [analysis of varia 


(ANOVA), Chromis Fy 


Clepticus Fy 


309, P 


. P= 0.072, and 
0.089] or treatment 


Time (minutes) 


Fig. 1. Responses of coral reef fishes to DMSP and 
control releases over 1 hour. (A) Giromis muttineata 
(brown chromis),(B) Clepticus parrae (Creole wrasse), (C) 
‘nemmia vittata (boga). Fish counts plated on the y axes 
are shown before release ("backgrounds tothe left of 
‘O min) and at 10-min intervals during DMSP (black) and 
‘control (gray) releases. rows at 0 and 20 min indicate 
when the first and second sets of carboys were opened. 
Curent velocity did not differ between DISP and control 
releases lor DISP, velocity = 155 + 28 cms for contol 
velocity = 213 + 66 cms; t tet t = 064, P = 055), 
indicating that asent velocity was not a strong determinant 
forthe numberof fish attracted. Note that y axes are shown 
at ciferent scales. Data ae expressed as mean + SEM (n= 
8). [Photos in (A) and (© courtesy of F and J. Burek} 


gxoups (Chromis Fiy = 0.009, P = 0.925 and 
Clepticus Fs = 0047, P= 0833). 

The results are consistent with the foraging 
of these species. Creole wnsse form 
rmidwater, offreef foraging ageregations, whereas 
bog are opensvater fishes that feed on 00- 
plankton and only occasionally forage over reefs 
(2), Other planktiveres such as Sargeant: major 
(budefluf saxatilis) and yellowtail. snapper 
(Ooyurus chrysures) did n01 respond to DMSP 
(for Abuiedut, 72 = 0.118, P= 0.731, n= 8; for 
Ocwurus, 2 © 0.223, P= 0.637, 0 = 8); however, 
they generally occurred in fewer numbers than the 
‘other species (average * SEM for déudefituf was 
28 © 0.59; for Ocvurus, 1.0 = 0.18) (6), These 
results imply that odors linked more closely to 
feeding activity than to the presence of prey alert 
some planktiverus fish species 10 potential 
foraging opportunites, These cues likely work in 
‘conjunction with visual cues provided by the 
foraging behavior of other fishes 

Although DMSP has been studied primarily in 
the context of global climate regulation, our results 
suggest that planktivorous fishes can eavesdrop on 
trophic interactions that leave resi cal 
‘signaturesand point to DMSP asa specific, biogenic 
‘compound that they can use to exploit thei prey 
Taken mere broadly, this work stengthens the 
hypothesis tht, in addition to serving as «climate 
regulator, DMSP is an important signal mokseule in 
the marine environment (/), Recognizing this dual 
¢ shoul allow us to better understand and predict 
the effects of climate change on trophic inter 
actions in the biological realm, 
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Long-Term Sea-Level Fluctuations 
Driven by Ocean Basin Dynamics 


R, Dietmar Miiller,”* Maria Sdrolias,* Carmen Gaina,? Bernhard Steinberger,” Christian Heine™t 


Earth's long-term sea-level history is characterized by widespread continental flooding in the 
Cretaceous period (~145 to 65 million years ago), followed by gradual regression of inland seas. 
However, published estimates of the Late Cretaceous sea-level high differ by half an order of 
magnitude, from ~40 to ~250 meters above the present level. The low estimate is based on 


the stratigraphy of the New Jersey margin, By ass 


ing marine geophysical data into 


reconstructions of ancient ocean basins, we model a Late Cretaceous sea level that is 170 (85 to 
270) meters higher than it is today. We use a mantle convection model to suggest that New Jersey 
subsided by 105 to 180 meters in the past 70 million years because of North America’s westward 
passage over the subducted Farallon plate. This mechanism reconciles New Jersey margin-based 
sea-level estimates with ocean basin reconstructions. 


‘ong-term (107 to 10* years) global (eu 
I static) sea-level Muctuations have been a 

driving force of biogeography, climate 
change, and organic evolution (7), yet they are 
poorly understood compared with short- to 
medium-term fuetuations (108 to 10° years) (2) 
This is due to the divenity of potential driving 
factors involved, including changes in mid-ocean 


ridge length, spreading rates, oceanic arca 
sedimentation, mantle convection, superplumes, 


lange igneous province emplacement, and ice 
Volume (2), It is well documented that many 
‘continents, in particular North America, Europe, 
and Attica, were inundated by shallow seas 
peaking in the Late Cretaceous 80 million years 
‘ayo (Ma), followed by a gradual sea-level fall (3), 
but the associated magnitude of global sea-level 
change is very controversial 

Subsidence of the sea floor away from mide 
‘ocean ridges is caused by the thickening and 
cooling of a thermal boundary layer at Earth’s 
surfice (4). Most published investigations. of 
long-term: 
the a 
tribution of presently preserved ocean floor to 
derive an estimate of ocean depth and volume 
chang time, as pioneered by Pitman (5), 
Rowley (6) reviewed such reconstructions and 
conclude that substantial ocean basin. volume 
‘change and associated sea-level change have not 
‘ovourred since the breakup of Pangaea, In 
contrast, Kominz (7) partially reconstructed past 
mid-ocean ridges (isochrons) for the last SO 
million years and estimated the sea level to have 
bboen 230 135/185 m at 80 Ma, and Xu et a. 
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(8), following a similar methodology, concluded 
at crustal production rates have decreased by 
20 to 30% since 6S Ma, accompanied by a 
f sea Kevel between 125 and 250 m, 
Hag et al, (9) estimated the magnitude of long- 
cl change from the present clevation 
‘of ancient marine deposits afler reconstructing 
their subsidence history and adopting a sea-level 
tiepoint of 242 m above the present level for 80 
Ma fiown Harrison (70), primarily on the basis 
Komins’s (7) mid-ocean ridge volume analysis, 
In contrast, longterm sea-level estimates from 
stratigraphie sections of the New Jersey mang 
‘of North America yiek! a substantially lower 40- 
im sea-level high at 80 Ma (2), buikling on the 
work of Watts and co-workers (17. 12), who 

wgested that global sea-level signals can be 
isolated from the Non American cast coast 
sedimentary record. 

We present a comprehensive reconstruction 
‘of the global age-area and depth-arca distribution 
‘of ocean floor, including remnants of subducted 
crust, since the Early Cretaccous (140 Ma), 10 
compute the effects of changes in crustal 
‘production, sediment thickness, and ocean-bas 
depth and area on sea-level fluctuations through 
Time. In addition, we use a mantle convection 
model to test Miller ef als (2) sea-level curve 
and its premise that the New Jersey shelf has not 
been allected by tectonic processes other than 
thermal subsidence since the Cretaceous. This 
assumption allowed Miller etal. (2) to argue that 
the regional sea-level curve from New Jerse 
margin stratigraphy represents global (custatic) 
sea-level variations. 

Reconstructing vanished oceans. We estab- 
lish the locations and geometry of mid-occan 
ridges through time on the basis of marine 
magnetic anomaly identifications: geological in- 
formation such as palcomagnetic data from 
terranes and microcontinents, especially in the 
Tethys Ocean (/3):mid-oceanic ridge subduction 
events: and the niles of plate tectonics (14). On 


the basis of a global set of tectonic plate rotations 
U5, 16), we construct a set of relined sea-floot 
isochrons (Fig. 1) following, the interpolation 
technique outlined by Miller ef al, (15, 16) but 
including a multitude of additional data (see 
‘Supporting Online Material), 

Inareas where one flank ofa mid-ocean ridge 
system has boen subducted, we assume spreading 
symmetry to reconstruct the subducted flank, This 
is a reasonable assumption given that globally, 
the maximum cumulative spreading asymmetry 
has been found to be less than 10% (7). The 
now entirely subducted ocean floor north of 
Africa, India, and Australia (the Meso-Tethys, 
Fig. 1) was reconstructed with the model of 
Heine ef al, (18). Sea-tloor isochrons for the 
Proto-Caribbean were constructed on the basis 
of the Early Cretaceous divergence history of 
the Americas, followed by the eastward 
insertion of the Farallon Plate into the Carib- 
bean, leading to subduction of Proto-Caribbean 
‘ocean enust in the Late Cretaceous (79), Our 
Cretaceous reconstruction of the Panthalassa 
Ocean (Fig. 1) is based on the premise that the 
Pacific Plate formed at 170 Ma in the Late 
Jurassic as a triangle, originating from a triple 
junction between the Farallon, Phoenix, and 
Izanagi plates (20), which are reconstructed on 
the hasis of preserved magnetic lincations and 
facture zones (2/, 22) and the assumption of 
spreading symmetry, with the exception of 
areas where ridge jumps are documented. We 
reconstruct the now entirely subducted [zanagi 
Plate and its conjugate Pacific Ocean Moor 
(Fig. 1) following Whittaker et al. (23). Lo- 
cations of plate boundaries within the Pacific 
Panthalassa Ocean relative to surrounding con- 
tinents are reconstructed with a plate circuit 
xt with Par 
to hot- 
times 


Plate boundary reconstructions between the 
Meso-Tethys and Panthalassa oceans ane based 
‘on modeled motion vectors between the zara, 
Phoenix, Australian, and Meso-Tethys plates, We 
use the combined mode! of finite rotations, sea- 
floor isochmons, mid-ocean ridge locations, an! 
outlines of boundaries between continental and 
‘oceanic crust to construct a set of oceanic paleo 
‘ers from 140 Ma to the present (Fig, 1 and 
fig. SI), with accompanying aye uncertainty 
sds (fig. S2), The mean enor of our modeled 
age-area distribution of today’s ocean floor is 
about 2.8 million years. We seale our error anal- 
ysis for ocean basin reconstructions such that the 
‘mean reconstruction error of now subsuicted 
‘ocean floor is about 10 million years, namely, 
fourfold increase in the combined uncertainties 
reflecting errors in mid-ocean ridge location and 
geometry 

Oceanic depth through time, An analysis of 
<rustal production through time in S-million 
imtervals (fig. S3) illustrates that the most severe 
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‘uctuations in spreading-ridge crustal production 
are recorded in the Pacific Ocean, The largest 
{drop in global crustal production, of about 50%, 
is recorded fiom 65 to 60 Ma, corresponding to 
the subduction of the Lzanagi-Pacitic spreading 
ridge (23) (Fig, 1 and fig. SI), This event, to- 
xzether with subsequent ridge subduction epi- 
sodes along the Americas (fig. SI), leads 10 a 
mean Pacific seafloor age difference of 35 
million years (My) between 120 Ma and today 
(excluding back-are basins), whereas all oceanic 
crust outside the Pacific Ocean taken together has 
experienced a total mean age diflerence of about 
2A), This demonstrates that dramatic 
c-area distribution of ocean 
primarily by eyetic 
changes in mid-ocean ridge creation, evolution, 
and destruction in the Pacific Ocean. It also 
shows that the use of the present distribution of 
the ocean-Hloor ages to obtain paleo-age distribu- 
tions without reconstructing subxlucted sea floor 
(6, 24, 25) is not vai. 

‘The maximum global difference in mean 
‘oceanic crustal ae between 120 Ma and the 
present is about 26 My, ranging from 38.4 © 4.1 
My at 120 Mato 64.1 <1 My at present (Fig. 
2B), This is in contrast to the My diffs 
predicted by Cogne et al, (25), who erroneously 
assumed that the Pacific age-arca distribution has 
remained constant since the breakup of Pangaea, 
Using a published age-depth relation (GDH-1) 
(26), we compute the depth-area distribution of 
the ocean basins (Fig. 2C). We choose GDH- 
| for converting age to depth because this relation 
is based on sedimenteorrected depths. without 
excluding data from hotspot swells and. sea- 
mounts. Therefore, GDH-1 provides a good ayer- 
age fit to sedimentunloaded deeanic basement 
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depts (26) and is preferable for predicting the 
average oceanic basement depth through tin 
including thermally rejuvenated lithosphere, as 
‘compared to models [e.g (27, 28)] that reflect 
‘ocean-cepth changes related to plate aging through 
time only. 

Thwe additional factors play an important 
role in controlling global ocean basin depth 
through time, namely, the gencration of oceanic 
lange igncous provinces (LIPS), oceanic sedimen- 
tation (2), and changes in oceanic crustal area 
We use Schubert and Sandwell’s (29) method to 
determine the average elevation of individual 
major oceanic plateaus (table $1) relative to the 
surrounding sea floor, based on the differen 
‘between the modal depths within two polygons, 
‘one outlining the perimeter of a given plateau 
from a LIP database (30) and another polygon 
including surrounding oecan floor. Platcaus are 
added 10 our basement depth grids at their em 
‘placement time based on a revised compilation of 
‘eruption ages (3/). We estimate the uncertainty in 
LiPs-related mean oceanic depth changes t0 be 
‘on the onder of up to =$ m. An additional ef 
not considered here is the potential uplift of the 
sea floor some time before LIP eruption when 
the body of hot material (plume head) arrives in 
the upper mantle, followed by a collapse dur- 
ing eruption. From estimates for the size (about 
300 kin in diameter) and density anomaly (about 
1%) ofthe plume head, we infer about a 2-m sea- 
Jevel rise before eruption of a LIP. with $ m prob- 
ably an upper limit (corresponding to ~700 km 
in diameter) 

AAs the ocean floor ages, its saliment cover 
thickens, but abyssal sediment thickness is also 
Fatitude dependent, as illustrated in a polynomial 
surface fit of global sediment thickness (32) as a 


140 160 180 200 240 280 


‘Age of Oceanic Lithosphere (My) 


Fig. 1. Age-area distribution of the ocean floor at (A) 140 Ma, (B) 100 Ma, (C) 50 Ma, and (D) the 
present day. See fig. $1 for paleo-age-area distribution in 10-My intervals. PAC, Pacific Plate; FAR, 
Farallon Plate; PHX, Phoenix Plate; IZA, lzanagi Plate: KU, Kula Plate; AUS, Australian Plate; PC, 
Proto-Caribbean; EB, Enderby Basin; AB, Amerasian Basin; C, Cocos Plate. Active mid-ocean ridges, 
are represented as white lines, and subduction locations as black lines and triangle symbols. 
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function of oceanic crustal age and latitude (Hig. 
SH). We use this model to estimate the dis- 
tribution of total oceanic sediment thickness 
and its isostatic compensation (33) through time, 
associated with an estimated mean sediment 
thickness uncertainty of about =15 m for the 
Tentiary and =25 m for the Cretaceous; however, 
this uncertainty is not well constrained, We 
ate a set of paleo-bathymetty maps by adding 
‘major oceanic platcaus (lable $1) and sediment 
thickness to our reconstructed basement depth 
‘maps (Fig. 3). These maps allow us to compute 
‘oceanic crustal area and mean depth through 
time. 

‘The emplacement of LIPS alone has resulted 
ina total sea-level rise of nearly 100 m since 140 
Ma, with major pulses at about 120, 110, 90, 60, 
and 40 Ma (Fig. 4 and fig. $6), The sediment 
thickness effect on sea level through time is 
sstimated 10 be an 18-m drop in sea level from 
14010 82 Ma, followed by a sea-level ise of 61 m 
(ig. S6). Consequently, the modeled inerease in 


Reconstruction age (Ma) 


Fig. 2. (A) Mean oceanic crustal age of the 
Pacific versus Indian, Atlantic, and Arctic ocean 
basins including all back-arc basins. The Pacific 
‘Ocean mean age increased from 30 to 65 My 
between 120 Ma and the present, whereas the 
‘mean age of all other ocean basins changed 
relatively little in comparison (a maximum of 
10 My), challenging the notion that the Pacific 
‘Ocean mean age has remained constant through 
time (25). (B) Mean oceanic crustal age in 1-My 
intervals from 140 Ma to the present with error 
envelope computed from the age error grids (see 
fig. 52 for age error grids in 10-My intervals). 
(©) Mean oceanic basement depth since 140 Ma 
with uncertainties derived from age errors based 
‘on the GHD-1 age-depth model (26). 
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mean basement depth of 350 m from 120 Ma to 
the present (Fig. 2C) is alleviated by oceanic 
platcau emplacement and sediment thickness 
uctuati net depth increase of about 260 
(100, -85) m since 118 Ma (lig. $6), 
Long-term sea-level change. Global sca- 
level chan, the past 33 My was domi- 
nated by lange ice-she 
(glacio-custacy) (2). As our sea-level curve does 
not include the elects of glae itby 
the $4 m that would be added to sea level if all 
present ice sheets melted (2) (Fig. 4), resulting in 
4 Cretaceous high of 304 m at 119 Ma. Changes 
in sea-level Av as they would appear to an 
‘observer on land are rekited to changes in mean 
‘ocean basement depth Vb via isostatic compen- 
sation (34, 35): As (Pm ~ Pred * AU (Penis 
mantle density, 3300 kg m?; pq is water 
density), yielding an apparent sea-level drop of 
about 235 m since a maximum at 118 Ma (ig 
S6), However, this estimate, based purely on 
mean oceanic depth change, does not aeeount for 


suggest that sin £ 
arca has decreased by 3.3%, correspondin 
loss of about | milion km”. This is due to conti 
rental crustal stretching during rifling, proced 
‘continental breakup and ocean basin formation, 


associated despening of the global oceans afler 
80 Ma and attenuates the modeled Late Creta- 
ecous sea-level high to about 170 m 
Continental margin thermal subsidence follow 
alstreiching is compensated mostly 
by sedimentation that keeps continental shelves 
relatively close to sea level (36), resulting in 
small changes in ocean basin depth from passive 
margin aging. which is not considered here 
A sealevel curve (Fig. 4) that takes into 
account both changes in depth and arca of the 
cbal ocean hasins reduces the modeled sea 
level high at 118 Ma to about 150 m (Fig, 4), We 
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obtain a total seaevel rise of about 70 m 
between 140 and 110 Maz this is a better match 
with most Cretaccous continental flooding esti- 
mates [summarized by (2)] than our altemative 
changes in 
‘oceanic area, which implies a sea-level rise of 
Jess than 30 m for the same time period (lig. $6). 
We model a long-term sea-level fall measuring 

about 100 m from 80 to 30 Ma, driven by the 


sea-level curve not _conside 


cl maximum of 170 m (90 to 
2 Ma, close to the benchmark 
of 80 Ma (2, 7), supporting estimates from 
‘continental inundation as summarizal by Miller 
{2)and close to Bond's (37) estimate of 200 m as 
‘wellas that by Watts and co-workers 17, 12), but 
diflering considerably from Mille ef als (2) best 
sea-level estimate of ~40 m at 80 Ma (Fig. 4), 
trased on New Jeney margin stratigraphy, raising 
the question of what causes this substantial 
disagreement, 


265 m) occurs 


+5400 -5200 -5000 -4800 -4600 -4400 -4200 -4000 -3800 -3600 -3400 -3200 -3000 -2800 -2600 -2400 


Fig. 3. Reconstructed bathymetry through time by combining basement depths derived from paleo-age grids (Fi 


Bathymetry (m) 


1 and fig. $1) and the GDH-1 age- 


depth model (26) with estimates of sediment thickness through time (figs. $4 and $5) and inclusion of all major oceanic plateaus (table 51). 
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New Jersey margin subsidence. We pro- 
pose that the large 130-m discrepancy at 80 Ma 
between our sea-level curve and that ffom Miller 
et al. (2) (Fig. 4) reflects the progressive, mantle- 
driven tectonic subsidence of the New Jersey 
margin over the negatively buoyant Farallon 


Fig. 4. (A) Predicted 
relative sea-level change 

(ced) and error envelope 
(reflecting basement 
age-depth errors) (light 0 
pink) since 140 Ma 

based on changes in the 

average depth and area 

‘ofthe ocean basinsusing 10 
the GOH-L plate model 
(26) age-depth conver- 
sion (Database 52) com- 
pared with the sea-level 
‘curves by Komine (7) 
(magenta), Haq et al. 
(9) (dark blue), adjusted gy 
tothe Berggren eta. time 

scale (2), Haq and Al 
‘Gahan (43) (dark green, 

Miller et al. 2) (lak), 40 
Watts and Steckler (12) 

(pink), Watts and Thome 

(22) (ight green, Pinan 

(5) (light blue), and the % 
two curves by Xu et al 

(8) ight and dark. oF- 

ange). The Haq et a. gy 
(9), Haq and Al-Qahtani 

(43), and Miler et ol. 

(2) carves have been 
smoothed by 2 10-My 2 7 
«cosine-arch low-pass fil 
terdnbobh reweet: 

ing long-term sea-level 

change. The original # 
‘curves from Haq et al. 
(9) and from Miler etal 
(2) are shown as-thin 
lines. (B) Sea-leve effect 
of large igneous prov 
‘nces (LIPS) (100 m ci 
mulatively). (©) Total 400 
‘rustalproction through 

time since 140 Ma with 

major tectonic events 
highlighted in tue. (>) 110 
Miler et a. (2) sea-level 

‘curve, uncorrected (black) 

and corected for post 

70 Ma modeled tectonic = 
subsidence of the New 

Jersey margin based on 
thes26rts seismic tomog- gy 
raphy model 39) for the 

pure backward advec- 


8 
(6261) s0ppaS 9 swem = (POEL) CUDUL PSHE —(#HEL) ZURON 


X 


(002) 1e 19 3081 


slab imaged in the lower mantle (Fig. 5), while 
global sea level was falling after the Late Cre- 
taceous highstand. Our reconstructions of sub- 
duction trench positions through time (Fig. SA) 
suggest that the cast coast of North America 
has moved over the Farallon slab (Fig. $B) 


during the past 60 My. We test this hypothesis 
using regional results from a well-established 
global mantle convection modeling approach 
G8) to compute time-dependent dynamic sur 
face topography by advecting present mantle 
density anomalies, derived from seismic mantle 


tion (p.b.a) (purple) and 
modified backward ad- 140 
vection (m.ba) (light 


(ead) sues 


blue) compared with long-term sea-level variation from our computation of the volume of the ocean basins through time (red), as well as with the models 
by Haq and co-workers (9, 43) and Watts and co-workers (21, 12). 
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tomography, backwand in the mantle flow field, 
‘which in tum is computed from mantle density 
anomalies and given surface plate velocities, 
‘We model the flow field of the mantle through 
1 spectral method based on spherical 
‘expainsion of surface plate velocities 
‘and intemal density heterogeneities at each depth 
level (38), Dynamic topography is computed 
‘beneath air with a free upper boundary and 
the same viscosity structure as in (38) with 3 
high-viscosity lithosphere (2.4 » 10 Pas), We 
‘compare regional time-dependent dynamic to- 
pography since 70 Ma for the New Jersey 
coast of North America on the basis of man- 
He density anomalies derived for the present 
day from three commonly used seismic tomogra- 
phy models, s20rts, smewn, and ngrand (39-41), 
using a conversion factor of 0.25 trom relative 
seismic Velocity to relative density variations 
below 220 km and disteganding velocity varia- 
tions above 220 km. In addition to the pure 
backward advection previously used (38), we 
also employ a modified procedure to recon- 
struct past mantle density anomalies. It differs 
in two ways: (i) Backward-advected upwellings 
are always continued up to 220 km at each time 
step, and thus the restoration of past mantle 
Uupwellings is improved; (i) backward-advected 
downwellings are removed in the uppermost 
220 km, and thus the effect of reconstructed 


Fig. 5. (A) Reconstructed sub- 
duction zone locations in present- 
day coordinates with coastlines in 
black and present-day plate bound- 
aries in gray with ages of trench 
positions color coded, Legend num- 
bers indicate reconstricted ages (in 
million years) in an absolute mantle 
reference frame (see text). Horizon 
tal bold blue line and gray circles 
‘outline location of mantle seismic 
tomography profile below. (B) 
‘West-east mantle seismic tomogra~ 
Phy cross-section (39) centered on 
the New Jersey margin [see (A) for 
profile location), imaging the sub- 
‘ducted Farallon slab in the lower 
mantle underneath the margin. Our 
kinematic model predicts. North 
“America’s east coast to be underlain 
by subducted slabs about 80 to 140 
million years old, coinciding with 
the location of the imaged Farallon 
slab 69-42). (C) Predicted dynamic 
topography of the New Jersey 
margin from 70 Ma to the present 
based on the 520rts, smean, and 
Ingrand seismic tomography models 
for the pure (p.b.a) and modified 
(m.ba) backward advection cases 
39-41) (table 52). (D) Modeled 
dynamic topography of eastern 
North America at 70, 50, 25 Ma 
and at present based on the s20rts 
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‘ocean floor, which is already explicitly included, 
is not counted twice. 

All models result in New Jersey tectonic 
subsidence during the past 70 million years, with 
amplitudes of 105 to 180 m (s20ris), 330 to 360m 
(sean), and 255 t0 385 m (ngranad,iDastrating 
differences in the scismic tomography models and 
resulting model uncertainties (Fig. 5C), Mantle 
flow models tend to overpredict dynamic to- 
ography compared to estimates based on ob- 
served topography (42). However, all models 
agree with the qualitative consideration of the 
New Jeney margin overriding the Farallon slab, 
with 320rts providing the most reasonable 
cstimates. Without taking dynamic topography 
into consideration, Miller et als (2) mxtel leads 
to an underestimate of the post-Late Cretaceous 
global seaevel drop. Therefore, we add the 
s”hp-based modeled New Jersey margin manthe- 
riven subsidence to Miller et als (2) sea-level 
curve (Fig. 4D) and assume that before 70 Ma, 
prior to overriding the Farallon slab, the New 
Jersey margin was not affected by changes in 
dynamic topography. Mille et al’ (2) corrected 
sea-level curves based on the s20rts scismic 
tomography models are both largely within the 
eeror envelope of our Cretaceous sea-level curve 
‘based on ocean basin volume analysis (Fig. 4D), 
implying a Late Cretaccous sea-level high 
‘between 142 and 217 m (based on s20rx) at 80 


-500 400 -200 -200 -100 0 
‘Dynamic Topography 


(p.b.a) seismic tomography model, in the reference frame of the North American plate. The black dot outlines the location of the New Jersey margin. 
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‘Ma. In particular, the modified backward advee- 
tion s20rts-based tectonic subsidence comection 
‘brings Miller et al.’s (2) curve in good alignment 
with the Cretaecous portion of our ocean basin 
volume-derived curve (Fig, 4D), whereas the 
pure backward advection (38) 20rts-based 
comected Miller ef af. (2) curve is similar in 
amplitude to Hag et als curve (9, 43). 

‘Our results support the idea that mantle 
convection-driven dynamic topography has 
played an important ole in the subsidence history 
ofthe New Jersey margin, predicting a total post 
70 Ma tectonic subsidence between 105 and 180 
mat average rates of 1.5 to 2,5 m/My, For times 
after 110 Ma, our ocean basin volume-derived 
sea-level curve yields lower estimates than those 
bby Hag and co-workers (9, 43). The diserepa 
«ics may reflect global effects of dynamic topog. 
raphy, not modeled here, because the mantle 
backward advection that We use cannot realisti- 
cally restore all global mantle density anomalies 
in the past, However, a combination ofa global 
‘cea basin volume analysis with modem geo- 
dynamic models provides powerful too! for 
discriminating custasy from regional, time- 
dependent sea-level variations caused by mantle 
convection, Our global sea-level curve ealibra- 
tion provides an improved framework for se- 
quence stratigraphy, resource exploration, and 
models for long-term climate change, 
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Antisocial Punishment 


Across Societies 


Benedikt Herrmann,* Christian Théni,? Simon Gichter™ 


‘We document the widespread existence of antisocial punishment, that is, the sanctioning of people 
who behave prosocially. Our evidence comes from public goods experiments that we conducted in 16 
‘comparable participant pools around the world. However, there is a huge cross-societal variation, 
‘Some participant pools punished the high contributors as much as they punished the low 
contributors, whereas in others people only punished low contributors. In some participant pools, 
antisocial punishment was strong enough to remove the cooperation enhancing effect of 
punishment. We also show that weak norms of civic cooperation and the weakness of the rule of law in 
4a country are significant predictors of antisocial punishment. Our results show that punishment 
‘opportunities are socially beneficial only if complemented by strong social norms of cooperation. 


ecent research has shown that altruistic 
Reese that is, person's propensity 

to incur a cost in order to puish free 
Joaders who fail pull their weight in cooperative 
endeavors, can explain why genetically unrelated 
individuals are often able to maintain high levels 
‘of socially beneticial cooperation (/-4), This hokks 
‘even when direct and indirect reciprocity (3, 6) 
‘or laws and regulations provide no incentives to 
bchave cooperatively (7). 
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In this paper, we direct attention to a phe- 
nomenon that [with a few exceptions (8 7)] fis 
bbeen largely neglected: People might punish not 
only freckoaders, but cooperators too. For exam- 
kc. participants who had been punished in the 
past for contributing too litle might retaliate 
against the cooperators because the cooperators 
are precisely those individuals most likely to pun- 
ish the ffee-riding low contributors. Our experi- 
mental evidence from 16 participant pools with 
various cultural and economic backgrounds shows 
‘that antisocial punishment of prosocial coopera- 
tors is indeed widespread in many pasticipant 
‘pools: interestingly, the participant pools in which 
most of the previous rescarch on altruistic pun- 
ishment has been conducted form the main 
exception. 


(Our observation of antisocial punishment grew 
out of our research goal to understand whether 
there are eross-socictal differences in people's 
‘punishment and cooperation behavior. Previous 
lange-scale cross-cultural evidence 
fiom one-shot bangaining games conducted in 
smallscale societies around the world (//, 12) 
However, there is no systematic lange-scale 
evidence on cooperation games. We therefore 
conducted cooperation experiments with and 
‘without punishment opportunities. Moreover, 
‘we Fa Or experiments as repeated games 10 
sce whether diferent cooperation levels emerge 
and remain stable across groups, Such a possi- 
bility is precluded in one-shot experiments, 

Gur research strategy was t0 conduct the ex- 
periments with comparable social groups from 
compler developed societies with the widest 
possible range of cultural and economic buck- 
sounds (/3) to maximize chances of observing 
‘ross-soxietal differences in punishment and coop- 
ration, The societies represented in our partici- 
‘pant pools diverge strongly according to several 
‘widely used criteria developed by social scientists 
in order to characterize societies (14-16). This 
variation, covering a lage range of the worklwide 
available values of the respective eriteria, pro- 
‘vides us with a novel test for secing whether so- 
cietal differences between complex societies have 
any impact on experimentally observable dispar- 
itics in cooperation and punishment behavior, 

Experiments. The workhorse for our eross- 
societal analysis is the public goods game with 
and without punishment (J). The public goods 
game isa stylized mode! of situations that require 
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cooperation to achieve socially beneficial out- 
‘comes in the presence of tree-rider incentives. EX- 
amples abound: warfare, cooperative hunting, 
Voting, paying taxes, fighting comuption, contrib- 
Uuting, to public goods, teamwork. work morale, 
neighborhood watch, common pool resource man- 
‘agement, recycling, tackling climate change, and 
‘$0 on, These are frequent situations with the eom- 
mon feature that cooperation leads to a. group 
beneficial outcome but is jeopardized by selfish 
incentives to ride tree on others’ contributions, 
‘To implement a cooperation game with and 
\without punishment opportunities, we adapted 3 
design developed by (/).In each panicipant pool, 
we conducted the exact same public goods exper- 
iment with real monetary stakes and two treat- 
‘ment conditions: 4 no-punishment condition (the 
N experiment) anda punishment condition (the P 
experiment), Groups of four members played the 
following public goous game in both conditions: 
Each member received an endowment of 20 t0- 
ens Participants had to decide how many tokens 
torkeep forthemselves and how many to contribute 
toa group project. Each of the four groups mem- 
bers eamed 0.4 tokens foreach token invested in 
the project, regardless of whether he or she con- 
tributed any, Because the cost of contributing one 
token inthe project was exactly one token whereas 
the return on that token was only 0.4 tokens, 
keeping all one’s own tokens was always in any 
participant's material self-interest, imespective of 
hhow much the other three group members eon 


shared: on the other hand, each member would 
eam0.4 * 80 =32 tokens each of them invested 
their entre 20-token endowment. 

Al the interactions in the experiment were 
ccomputer-mediated (17) and took place anor 
mously. Participants were not informed about the 
identity of others in the group; they made their 
contribution decisions simultancously, and, once 
the decisions were made, they were informed 
about the other group member’ contributions, 

‘The only and crucial difference between the P 
experiment and the N experiment was that 
Participants in the P experiment couk! punish 
«ach of the other group members afl they were 
informed about the others” investments, whereas 
the N experiment ended aller participants were 
informed about the other group members’ con- 
tributions. A punishment decision was imple- 
mented by assigning the punished member 
between zero and 10 deduction points. Each 
deduction point assigned reduced the punished 
member's earings by three tokens and cost the 
punishing member one token. Al! punishment 
decisions were made simuhancously. Participants 
were not informed about who punished them. 

One of the goals of our experiment was to see 
whether and at what level punishment stabilized 
‘cooperation in the P experiment compared to the 
N experiment. To allow forthe emergence of dif 
ferent cooperation levels, we therefore repeated 
the experiment 10 times under both conditions, 
ecping the group composition constant 


tributed. Yet, ifeach group member retained all Because we were interested in whether peo 
‘ofhis or her tokens, there were no camings tobe ple behave diflerently unger the exact same cir- 
Fig. 1. Mean punish- Punishment of ree riding Anti-social punishment 
iment expenditures for a (negative deviations) "(non-negative deviations) 


‘given deviation from the 
punisher’s contribution, 
The deviations of the 
punished participant's 
contribution from the 
punisher's contribution 
are grouped into five in- 
tervals, where [-20, —11] 
indicates that the pun- 
ished participant contrib- 
uted between 11 and 20 
tokens less than the pun- 
ishing participant, (-10, 
11 indicates that the 
punished participant con- 
tributed between 1 and 
10 tokens less than the 
punishing participant, [0] 
indicates that the pun- 
ished participant con- 


tributed exactly the same 
amount as the punishing 
participant, [1, 10} ind- 


‘Mean punishment expenditures 


‘ates that the punished participant contibuted between 1 and 10 tokens more than the punishing 
participant, and [11, 20] indicates thatthe punished participant contibuted between 11 and 20 tokens more 
than the punishing participant. In Boston, for example, participants (ineluding nonpunishers) expended 0.96 
money units on average forall cases of negative deviations between [-10, —1] and 2.74 money units on 
average in cases of deviations between [-20, ~11]. Participant pools are sorted according to their mean 
antisocial punishment. Fig. S2 and tables S3 and S4 provide complementary analyses. 
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cumstances, some methodological challenges 
arose. First, with regard to procedures, we fol 
owed the rules established in experimental eco- 
nomics (/3). A second challenge was maximizing 
participant pool comparability to avoid con- 
founds of paticipant pool differences with var- 
iations in sociodemographic composition, To 
minimize sociodemographic variability, we con- 
ducted all experiments with university under- 
graduates (n = 1120) who were similar in age, 
shared an (upper) middie class background, and 
usually did not know each other, We adminis- 
tered a postexperimental questionnaire to be able 
to control for further sociodemographic back- 
ssround characteristics (see table S2 for details. 
Results. We first analyze people's punish 
ment behavior across. puticipant pools, Our 
perspective is how an individual who has con- 
tributed a certain amount to the public good 
Punishes other group members who contributed 
ef Fes, the same amount, oF more than them, 
Figure | therefore displays punishment expendi- 
tures as a funetion of how much the punished 
individual's contribution deviated from the con- 
tribution of the punisher, We label the punish- 
mnt of negative deviations punishment of tree 
riding because the punishod group member rode 
free on the punisher's contribution, Put differently. 
from the perspective of the punisher the target 
momber behaved less prosocially than the pun- 
isher. In case the target member contributed the 
‘same amount or mor; he ershe behaved at least as 
prosocially as the punisher. We therefore eall the 
Punishment in these eases antisocial punishment. 
Punishment behavior differed strongly across 
‘participant pools (Fig. 1), This holds in particular 
for antisocial punishment, A regression anal 
‘of punishment behavior, which controls for the 
deviation, period effects, and sociodemographic 
‘composition, shows that antisocial punishment 
difleted highly and significantly across partici- 
‘pant pools [7°(14) = 64.9, /*~ 0,000; tables S3 
4]. Although there was very lithe antisocial 
punishment in some participant pools, in others 
people punished those who contributed the same 
‘or more than them as harshly as those who roxte 
five on them. By contrast, punishment of free 
riding was only weakly: significantly different 


across participant pools [°(14) = 23.1, P = 
(0.059; tables $3 and $4] 
The punishment of free riding is likely trig- 


‘gered by negative emotions that arise from a vio- 
lation of faimess norms and from fecting exploited 
(/. 2, 18). But what explains antisocial punish- 
‘ment? One plausible reason is that people might 
‘ot accept punishment and therefore sek revenge 
(8-10), Revenge is “human universal” (/9) and 
part of a culture of honor in many societies, Our 
measure for vengeful punishment is the punish- 
ment people mete out as a function of received 
punishment in the previous period. Controlling 
for contributions of the punisher and the punished 
participant, we find a highly significant increase in 
antisocial punishment across all participant pools 
asa fiction ofthe amount of punishment received 
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in the previous period. Broken down by participant 
pools, the effet is highly significant (at P< 0.01) 
in seven participant pools, weakly significantly 
Positive in two participant pools, insignificantly 
positive in six participant pools, and insigniti- 
‘cantly negative in one (tables S3 and $4). 

The presence of a punishment opportunity 
hhad dramatic consequences on the achieved eo- 
‘operation levels (Fig. 2), Contributions were hig 
ly significantly different across participant pools 
[Kruskal-Wallis test with group averages over all 
10 periods as independent observations, 72(15) = 
113.1; P= 0.000). Cooperation was stabilized in 
all participant pools but at vastly different levels 
(Fig. 2A), Cooperation in about half of the par- 
ticipant pools remained atthe initial level (period 
1 of the P experiment), whereas contributions 
increased over time in the others (lable SS). The 
most-cooperative pauticipant pool (in which 
people contributed 9% of their endowment, on 
average) contributed 3.1 times as much as the 
Jeast-cooperative participant pool (with an aver- 
‘age contribution of 29% of the endowment). The 
lifferences in cooperation across participant pools 
are significantly negatively related to antisocial 
Punishment: The higher antisocial punishment is 
in a participant pool, the lower is the average co- 
‘operation level in that participant pool (Fig. 2B). 

‘As a consequence of the different pattems of 
Punishment and cooperation, there were also sub- 
stantial partcipant-poo! differences in cami in 
the P experiment. The average perperiod eam 
ings difered by more than 250 percentage points 
between the participant pro with the highest av 
rage earnings and that with the Lowest average 
‘eamings (Hig. S3 and table SO) 

‘An important reason for the fange participant 
poo! diflerences in cooperation rates isthe fact that 
praicipant pools reacted very diflerently to pun 
ment received, Regression analyses (tibke S7) 
sow that, in all but one paticipant pool, people 
‘who contributed ess than the group average in peri- 
‘xl rand who were subsequently punished inereased 
theit contribution in period ¢ + 1, The increase és 
‘only significant fat P = 0.08) in 11 participant pools, 
however, and the extent ofthe mean estimated in- 
«ease per punishment point neived varies consid- 
‘erably between puticpant pools, Thus, punishment 
did not have an equally strong disciplinary effect 
‘on fee riders inal participant pools inthe sense of 
steering low contributors toward higher contribu 
tions in some participant pools, punishment had n> 
cooperation-enhancing effect at al, 

‘The disciplinary effectiveness of punishment 
for below-average contributions is associated 
With the extent of antisocial punishment ina 
pamticipant pool. There is a strong negative cor- 
relation between the mean antisocial punishment 
in a participant pool and the regression coetti- 
cient that measures the mean inerease per pun- 
ishment point received for a below-average 
contribution (Spearman's p = -0.87, P= 0,000, 

= 16). One explanation is that the prospect of 
‘getting punished for al- or above-average con- 
tributions in some participant pools limits the low 
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contributors’ incentives to increase their contri- 
‘butions. Another explanation has t do with how 
people perecive the moral message behind punish- 
‘ment because there is evidence that even nonmon= 
tary Sanctions (which signal social disapproval) 
‘can induce low contributors to increase their con- 
‘ributions (20) Participant pools might have dif 
fered in the extent to which people fect ashamed 
When being punished for low contributions. 

‘A regression analysis (Table 1) summarizes 
‘our findings on the impact of punishment on co- 
‘operation, To also account for variations of pun- 
ishment in different groups within participant 
pools, we use the group average contributions as 
independent observations. 

The results show that groups that stated at 
high levels in period 1 of the P experiment also 
had high group average contributions over the 


remaining periods 2 to 10: groups that started at 
low levels in period 1 of the P experiment had 
Jow group average contributions over the remain- 
ing periods. Group average punishment of free 
‘ding relative to the punishers” own contributions 
is positively comelated with this group’s average 
contribution, ceteris paribus. The opposite con- 
clusion holds for antisocial punishment. 

We also found significant participant poo! dif 
ferences in the N experiment, which serves as a 
benchmark for the P experiment [Kruskal-Wallis 
test with group averages over all 10 periods as in- 
dependent observations, 77(15) = 46.5, P= 0.000] 
Mean contributions varied between 4.9 and 11.5 
tokens of the least-and most-cooperative partic 
‘pant pool, respectively (Fig. 3), The span of 6.6 
tokens between the east- and most-cooperative 
Participant pool was thus subtly lower than the 
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span of 12.3 tokens in the P experiment (Fig. 2A). 
Moreover, it contrast to the P experiment, where 
‘contributions were sabia at vastly citferent levels, 
‘contributions in the N experiment chvinded 10 low= 
ce levels almost everywhere (table S¥ and fi. $4) 

Compared with the N experiment, the pres- 
‘ence of a punishment option had at east a weakly 
i cooperation-enhancing effect in 11 


participant pools (Wilcoxon signed ranks test 
with independent group average contribution 
rates across all periods as observations, fig. S4 
and table $9}: the change in cooperation between 
the N and the P experiment was not significant 
in the other five participant pools. Thus, the 
cooperation-enhancing effect of a punishment 
‘opportunity cannot be taken for granted. This 


Table 1, Punishment and cooperation levels. Ordinary least squares regressions with the group 
average contributions of all groups, which show any variation in contributions as independent 


observation (n 
variables. The 


73). The group average contributions over periods 2 to 10 are the dependent 
idependent variables are the group average contributions in period 1, the group 


averages of punishment points assigned to group members who contributed less than the punishing 
participant (group average punishment of free riding) and to group members who are equally or more 
‘cooperative than the punishing participant (group average antisocial punishment). Model 1 does not 
‘control for the mean cooperation level ina participant pool, whereas model 2 contro for it by adding 
participant pool dummies. The adjusted r? increases by only 7% and the results remain robust, 


although the coefficient for antisocial punishment is reduced in size. “P<. 


“P<0.05,""P<0.01, 


Numbers in parentheses indicate robust standard errors. 


Dependent variable: group average 
contributions in period 2 to 10 


2 2 
‘Group average contributions in period 2 0779" 0.720" 
(0.052) (0.065) 
Group average punishment of free riding os2i” 0.480" 
(0.201) (0.200) 
Group average antisocial punishment ~2247 1256" 
(0.350) (0.325) 
Constant 5.057" 5.899" 
(0.688) 220 
Participant pool dummies No Yes 
Adjusted 0.60 0.67 
F test 1369 313 
P value 0.000 0.000 
N 23 23 
g 
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Fig. 3. Mean contributions to the public good over the 10 periods of the N experiment. Each line 
corresponds to the average contribution of a particular participant pool. The numbers in 
parentheses indicate the mean contribution (out of 20) in a particular participant pool. 
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finding stands in contrast to previous results 
fiom experiments conducted in the United States 
and Western Europe, where punishment always 
inewased cooperation in experiments with com 
parable fixed-group designs and parameters 
(8, 10, 20-2. 

‘The reason for this result is related 40 anti- 
social punishment: the higher antisocial punish- 
‘ment was in a participant pool, the lower was the 
rate of increase in cooperation in the P ex 
o the N experiment (Spear 
P= 0001, n = 16), Furthermor 
participant pools” average cooperation levels 
petiod | of the P experiment (where participants 
hhad not yet acquired any experience with punish- 
ment) were significantly negatively correlated 
with their subsequent mean expendite 
antisocial punishment: The more 
pool expended! on antisocial punishment in the 
ler stages of the experiment, the lower was its 
initial cooperation level (Spearman's p = 0.78, 
P= 0.000, n= 16), 

What explains the lange participant. pool 
differences in antisocial punishment and hence 
‘cooperation levels? Punishment may be wlated to 
social noms of cooperation, Social norms exist 
ata macrosocial level and refer to widely shared 
views about acceptable behaviors and the devia 
tions subject to possible punishment (23, 24), 
Thus, if panicipant pools held different social 
noms with regard 10 cooperation and free riding, 
they actually might have punished differently. An 
interesting set of relevant social norms are norms 
‘of civic cooperation (/4) as they are expressed in 
people's attitudes 10 tax evasion, abuse of the 
‘welfare state, or doxiging fires on public transport 
‘These are all situations that ean be moxteled as 
Public goods problems. The stronger norms of 
civic cooperation are in a society, the more free 
riding might be viewed as unacceptable and the 
more it might be punished in consequence, The 
flip side of the angument is that cooperators, who 
bchave in the normatively desirable way, should 
not get punished: strong noms of civie cooperation 
might act as a constraint on antisocial punishment 

‘The strength of the nule of law in a society 
might also have an impact on antisocial punish- 
ment, Ifthe nile of law is strong, people trust the 
Jaw enforcement institutions, which are perceived 
as being effective, fair, impuitial, and bound by 
the law (25), Revenge is shunned. If the rule of 
law is weak, the opposite holds. Thus, the 
law reflects how noms are commonly enfore 
in a society 

‘We construct the variable noms of eivie eo 
‘operation fiom data taken from the World Values 
Survey (/3) (fig. SIA). The variable is derived 
fiom answers of a large number of selected 
representative residents of a country to questions 
‘on how justified (on a 10-point scale: 1 is fully 
justified: 10 is never justified) people think tax 
evasion, benefit aud, or dodging fares on public 
transport are. The more reproachful these behay- 
iors are in the eyes of the average citizen, the 
stronger are a society's norms of civic cooper 
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tion (/4), The country scores of our 16 participant 
pools vary between 6.91 and 9.79 (the mean is 
8.53 the available world sample range (r = 81 
countries; mean = 8.64) lies between 6.75 and 
‘9.81, Thus, the societies of our participant pools 
cover almost the whole available workdwide range 
‘ofthe distribution of norms of civic cooperation. 

The rule of law indicator (13) (Lig. STB) is 
‘based on a host of different variables that mea- 
‘sure “the extent fo which agents have confidence 
in and abide by the niles of society, and in 
paniculsr the quality of contract enforeement, the 
police, and the courts, as well asthe likelihood of 
‘rime and violenes The theoretical range is 

2.3 (very weak rule of law) to 2.5 (very strong 
rule of law), The empirically observed range of 
the 211 countries for which this indicator is 
available is 220 to 1.99. The nile of law 
indicator varies between —1,23 and 1.96 in the 
‘counties of our participant pools 

‘Because both indicators reflect the views of 
the average citizen in a given society, itis likely 
that our participants, through various forms of 
‘cultural transmission (26), have been exposed to 
the prevalent social noms and have perceptions 
‘ofthe quality of the rule of law in ther respective 
societies. Moreover, previous research, conducted 
in small-scale societies, sngyests that experimen- 
tally observed behavior reflects: socioeconomic 
conditions and daily experiences (//). Thus, there 
are good reasons 10 expect that the experimentally 
observable punishment behavior might be cor 
related with our indicators. 

‘We investigated the link between punishment 
and the (wo indicators econometrically by rune 
hing regressions of punishment expenditures on 
the variables norms of eivie cooperation and ule 
‘of law; We distinguished between punishment of 


fice riding and antisocial punishment, and we 
alo controlled for the punisher’s contribution, 
the contibution of the punished participant, the 
contribution of other group members, period 
cflccts, and the individual socioeconomic charac- 
teristics (to control for differences in participant- 
pool composition). The estimation method is 
Tobit (with robust standard errors clustered on 
the independent group). 

‘The estimation results (Table 2) show that the 
stronger noms of civic cooperation ane in the 
society, the harder peopl in the respective par 
ticipant pool punish those who contributed less 
than them (P< 0.01), Rule of law has an insig- 
icantly po mpact on the punishment of 
five riding. With respect to antisocial punishment, 
‘we found that hoth noms of civie cooperation and 
rule of law are significantly negatively correlated 
With punishment (at P< 0.05). In other words, 
antisocial punishment is harsher in participant 
pools from societies with weak norms of civic 
‘cooperation and a weak rule of law. Additional 
analyses (table S10) show that antisocial punish 
ment also varies highly significantly with vari 
ety of indicators developed by social scientists in 
‘onder to characterize socictis (table S1). Thus, 
the extent of antisocial punishment is mast likely 
affected by the wider societal background. 

Discussion. Evidence from economics, So- 
ciology, political science, and anthropology sug- 
‘gests tha human social groups differ strongly in 
how successfully they solve cooperation prob- 
lems (/4, 27-29). In reality, many exogenous 
factors. institutional and environmental conditions 
as well as population characteristics, can explain 
Varying degrees of cooperative success. Our con 
tribution is to show experimentally that (antisocial) 
punishment can lead to very strong differences 


Table 2. Punishment, norms of civic cooperation, and the rule of law. The dependent variable is 


assigned punishment points to participants wh 


10 contributed less than the punishing participants 


(models 1 to 3) or to participants who contributed the same or more than the punishing participant 
(models 4 to 6). The independent variables are the country scores of norms of civic cooperation and 
rule of law. Controls include the participants’ own contribution, the punished participant's 
contribution, the average contribution of the remaining two participants, the period, a dummy for 


the final period, and individual socioeconomic 


characteristics. We show the coefficients of Tobit 


estimates (43). Robust standard errors are calculated by using the group as the independent cluster. 


Table $10 contains further analyses. 


Punishment of free riding Antisocial punishment 
(negative deviations) (nonnegative deviations) 
1 2 3 4 5 6 
Norms of civic oa10™ 0371" =1.093" 0.740" 
cooperation (0.154) (0.155) (0326) (037) 
Rule of law 0.164 0.067 6s" -0.618" 
0.111) 0.110) (221) (0.258) 
Constant 5.007" -1.843" 4.708" 5.622" 3.479" 2.422 
(2.400) (0.469) (1.398) (2900) (0.719) (3.360) 
Controis Yes Yes Yes Yes Yes Yes 
o 33233457 -3.322 5583 5.665 (5.566 
P value 0.000 0.000 0.000 0.000 0.000 0.000 
log pseudolikelihood 12203 13299-12202 10574-11989 10539 
N 35089508350 19850 20660-19850 
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in cooperation levels among comparable social 
groups acting in identical environments. 
Antisocial punishment of cooperators existed 
inall our participant pools, but its importance and 
detrimental consequences varied strongly across 
them, Revenge is a likely explanation for anti- 
social punishment in most participant pools, but 
other (population-specific) motives might be rel- 
evant as well, Some antisocial punishment may 
be elficiency-enhancing in intent to induce the 
punished individual to increase his or her con- 
tributions. The fact that in most participant pools 
antisocial punishment was lower the higher the 
ppunisied participant's contribution was is con- 
sistent with this explanation (table S7A), Because 
punishment in our experiment was cheaper for 
the punisher than for the punished participant, 
people with a strong taste for dom 


imize wlative payolls (32) might not only punish 
freeloaders but also cooperators, even inelud- 
ing those who contributed the sume amount as 
the punisher. Low contributors might 
high conributors as do-gooders who have shown 
them up. Punishment may therefore be an aet of | 
*o-gooder derogation" (33), S asobserval 
in some bargaining experiments (/2, 34, 35) in 
‘which people reject hyperfair offers, people for 
‘various reasons might be suspicious of others 
‘who appear too generous, Normative conformity, 
a desire and expectation to behave as all others 
do, is part of human psychology (36) and may 
ead to the punishment of all deviators, cooper 
tors, and five riders alike, Punishment may be 
also related to in-group-ou-zroup distinctions 
(37) because people might retaliate if punished 
bby an out-group member (38), Societies also 
differ in the extent 10 which their social structures 
‘are governed by in-group out-group distinctions. 
For instance, according 10 some cross-cultural 
Psychologists (/5, 39) in “eollectivist™ societies 
‘many interactions are confined 10 close-knit 
nictworks, whereas in “individualistic” societies, 
interactions are more pemicable across. social 
groups, Because in our experiment all pati 
pants were strangers to one another, people 
ccollectivist societies might be more inclined 
than people in individualistic societies to per= 
ceive other participants as out-group members. 
Therefore, antisocial punishment might be 
stronger in collectivist than in individualistic 
ies. Our evidence is consistent with this 
possibility because in regressions similar to those 
‘of Table 2 antisocial punishment is highly sig- 
nificantly correlated with « widely used societal 
Jevel measure of individualism-colletivism (/5) 
(table S10) 

(Our finding that social noms of coope 
‘and punishment are linked is of relevance for 
the debate about social capital (/4) and in 
panicular a literature that argues that informal 
sanetions often substitule for formal enforce- 
ment mechanisms if these are lacking or not 
Working well (7, 27, 40-42). The fact that 
antisocial punishment is negatively come 
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\ith the strength of the nile of law and also with 
‘cooperation levels suezests thatthe quality of the 
formal law enforcement institutions and informal 
sanctions are complements (rather than substi- 
tutes), Informal sanctions might be more efloc- 
tive in sustaining voluntary cooperation when the 
formal law enforcement institutions operate more 
effectively because antisocial punishment is 
lower in these societies. The detrimental effects 
‘of antisocial punishment on cooperation (and 

iency) also provide a further rationale why 
modem societies shun revenge and centralize 
Punishment in the hands ofthe state 
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Event Horizon 
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The physics at the event horizon resembles the behavior of waves in moving media, Horizons are 
formed where the local speed of the medium exceeds the wave velocity. We used ultrashort pulses 
in microstructured optical fibers to demonstrate the formation of an artificial event horizon in 

optics. We observed a classical optical effect: the blue-shifting of light at a white-hole horizon. We 


also showed by theoretical calculations that such a system 


capable of probing the quantum 


effects of horizons, in particular Hawking radiation. 


inspired by a simple an intuitive idea (4): 

(The space-time geometry of a black hole 
resembles river (5, 6)--a moving meu fow- 
ing toward a waterfall, the singularity. Imagine 


L= analogs of black holes (/-3) are 
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that the river carries Waves propagating against 
the curent with speed”. The waves play the ole 
of light, where & represents c. the speed of ight 
in vacuum. Suppose that the closer the river gets 
to the waterfall, the faster it flows, and that at 
some point the speed of the river excecds 
Clearly, beyond this point waves can no longer 
propagate upstream. The point of no. retum 
comresponds to the horizon of the black hole 
Imagine another situation: a fast river flowing 
‘out into the sea, getting slower. Wa 

center the river beyond the point where the flow 


Ves cannot 
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speed execeds the wave velocity: the river ne 
sembles an object that nothing ean enter: a white 
hole 

Nothing, not even fight, can escape from a 
«gravitational black hole, Yet aecording to quan- 
n physics, the black hole is not entirely black 
bout emits waves that are in thermal equilibrium 


(7-9), The waves consist of correlated pairs of 


‘quanta: one originates from inside and the other 
fiom outside the horizon, Seen from one side of 
the horizon, the gravitational black hole acts as a 
thermal black-body radiator sending out Hawking 
radiation (7-9), The effective temperature depends 
‘on the surface gravity (7-9), which, in the analog 
model, comesponds to the flow-velocity gradient 
at the horizon (I-3), 

The Hawking temperature of typical black 
holes ties far below the temperature of the cosmic 


microwave background, so an observation of 


Hawking radiation in astrophysics seems unlikely 
However, laboratory demonstrations of analogs of 


Hawking radiation could be feasible. One type of 


recent proposal (/0-12) suggests the use of ultra- 
cold quantum gases such as alkali Bose-Einstein 
condensates or ultracold alkali fermions (/2). 
When a condensate in a wave guide is pushed 
‘over a potential barter, it may exceed the speed 
‘of sound (typically a few millimeters per second) 
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and is calculated to generate a Hawking tem- 
perature of about 10 nk (//). 7H offers a mul- 
titude of analogs between quantum Muids and 
the standard model, including Einsteinian gray~ 
ity (2). For example, the analogy between gray- 
and surface waves in fluids (/3) has inspired 
ideas for artificial event horizons at the interface 
between two sliding superfluid phases (/4), but 
‘so far, none of the quantum features of horizons 
hhas been measured in 7H. Proposals for optical 
black holes (/5, 16) have relied on slowing 
down light (J7) so that it matches the speed of 
the medium (/5) or on bringing light to a com- 
plete standstill (/6), but in these cases absorption 
may pose a severe problem near the horizon 
where the spectral transparency window (17) 
vanishes. 

On the other hand, is it necessary to physi- 
cally move a medium to establish a horizon? 
‘What really matters are only the effective prop 
certies of the medium. Ifthey change, for example 
‘a8 a propagating front, but the medium itself re= 
mainy at rest, the situation is essentially indis- 
tinguishable from that in a moving medium. 
Such ideas have been discussed for moving 
solitons and domain walls (78) in superfluid ?H 
(2) and more recently for microwave transmis 
‘sion lines with variable capacity (/%, but they 
have remained impractical so far 

Here we report the first experimental ob- 
servation of the classical optical effects of hori- 
zons, the bluc-shifting of light at a white-hole 
horizon, and show theoretically that our scheme 
‘combines several promising features for demon= 
stating quantum Hawking radiation in the ope 
tical domain. Our idea, illustrated in Fig. 1, is 
based on the nonlinear optics of ultrashort light 
pulses in optical fibers (20), where we exploit the 
remarkable control of nonlinearity, birefringence, 
_and dispersion that is possible in microstructured 
fibers (2/, 22), 

Using a Tisapphire laser, we created 70-f5- 
Jong nondispersive pulses (solitons) at a carrier 
Wavelength of $03 nm and a repetition rate of 80 
Milz inside 1.5 m of microstructure fiber (NL- 
PM-7508 trom Crystal Fiber. Birkerod, Den- 
mark). Each pulse modifies the optical properties 
of the fiber because of the Kem effect (20): The 
ceflgctive refractive index of the fiber, ri, gains an 
additional contribution that is proportional to 
the instantancous pulse intensity J at position = 
and time / 


m= my + bn, bn T(z.) a) 


‘This contribution to the refractive index moves 
with the pulse. The pulse thus establishes a 
moving medium, although nothing material is 
moving, This effective medium naturally moves 
at the speed of fight in the 
made by light itselE. 

We also launched a continuous waye of 
light, probe, that follows the pulse with slightly 
higher group velocity, attempting to overtake 
In order to distinguish the probe from the pulse, it 
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‘oscillates at a significantly different frequency «1 
(Our probe-light laser is tunable over wavelengths 
2nw‘e from 1460 to 1540 nm. While approach- 
ing the pulse, the Kerr contribution 0 slows 
down the probe until the probe's group velocity 
reaches the speed of the pulse, The trailing end of | 
the pulse establishes a white-hole horizon, an 
‘object that fight cannot enter, unless it tunnels 
through the pulse. Conversely, the font end 
creates a black-hole horizon for probe light that is 
slower than the pulse. Because 6 is small, the 


sulliciently close to the speed of the pu 
microstructured fibers (22), the group-velocity 
dispersion of light is engincered by arrangements 
Of air holes (submicrometer-wide hollow cylin- 
ders along the fiber), We selected a fiber in which 
the group velocity of pulses near the 800-nm 
carrier wavelength of mode-locked Tisapphire 
lasers matched the group velocities of probes in 
the infrared tekcommunication band around 
1500 nm: standard optical fibers (20) donot 
have this property 

Atthe horizon of an astrophysical black hole, 
light freczes, reaching wavelengths shorter than 
the Planck scale, where the physics is unknown. 
[The Planck length is given by V1 where 
G is the gravitational constant.| Some chusive 
‘rans-Planckian mechanism must regularize this 
behavior (23, 24). In our case, the fiber-optical 
analog of trans-Planckian physics is known and 
simple—it is contained in the frequency depen- 
dance of the refractive index m, the dispersion of 
the fiber. AL the trailing end of the pase, the in- 
coming probe modes are compressed, oseillating 
\with inereasing frequency: they are bluc-shitled. 
{In tum, the dispersion limits the frequency shift- 
ing by tuning the probe out of the horizon. In the 
case of normal group-velocity dispersion, the 
‘bluc-shifted light falls behind. At the black-hole 
horizon, the reverse occurs: A probe slower than 
the pulse is red-shifted and then moves abead of 
the pulse. 


rg 


Fig. 1. Fiber-optical ho- 
rizons. (AY A tight pulse 
in a fiber slows down in- 
{fared probe light, attempt 
ing to overtake it. The 
digas below ae in the 
co-moving frame of the 
pulse, (B) Cassial hori- 
ons, The probe is slowed 
down by the pulse until ts 
group velocity matches, 
the pulse speed at the 
points indicated by black 
dots, establishing a white- 
hole horizon at the back 
and a black-hole horizon 
at the front of the pulse. 
The probe light is blue- 


A 


Figure 2 shows the difference in the spectrum 
of the probe light (incident with «) with and 
without the pulses, clearly displaying a bluc- 
shificd peak atc», To quantitatively describe this 
effect, we consider the frequency oy in a co- 
‘moving frame that is connected to the laboratory 
frame frequency « by the Doppler formutt 


= (i-Bo 


Q) 


Fora stable pulse, isa conserved quantity, 
whereas follows the contours of fixed én’ when 
4 varies with the intensity profile of the pulse 
(Fig. 3), Forsufficiently large 6n, the frequency « 
‘completes an arch from the initial m to the 
(on; it is blue-shifted by the white-hole horizon, 
Ava black-hole horizon, the arch is treed the 
‘ther way round from « 100), Forthe frequency 
‘a the center of the arches, an infinitesimal 81 is 
sulicient to cause a frequency shift; at this fre= 
‘quency, the group velocity of the probe matches 
the group velocity of the pulse. Figure 2 
‘that both the blueshifled and probe light are 
spectrally broadened, These features are easily 
explained: The horizon acts only during the time 
while probe and pulse propagate in the fiber, 
where only a finite traction of the probe is 
frequency-shifled, forming a blue-shifted pulse 
and also a gap in the probe light, negative pul 
these pulses have a characteristic spectrum with a 
\widih that is inversely proportional to the fiber 
Jength. We compared the measured spectra with 
the theory of fight propagation inthe presence of 
horizons and found very ood agreement (25). 
Imagine instead of a single probe a set of probe 
modes. The modes should be sufficiently weakly 
‘excited that they do not interact with each other via 
the Kem elect, but they experience the ems Kett 
effect of the pulse, the presence of the medium 
(Eq. 1) moving with the velocity u, The modes, 
‘constitute a quantum fiekd of light in a moving 
medium (25, 26), Classical light is a real electro 


shifted at the white hole until the optical dispersion releases it from the horizon. (C) Quantum pairs. Even 
if no probe light is incident, the horizon emits photon pairs corresponding to waves of positive frequencies 
{rom the outside of the horizon paired with waves at negative frequencies from beyond the horizon. An 
‘optical shock has steepened the pulse edge, increasing the luminosity of the white hole. 
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magnetic wave. So, according to Fourier anal 
sis, any amplitude oscillating as exp(-iorr) at a 
Positive angular frequency « must be accom 
panied by the complex conjugate amplitude at 

©. In quantum field theory (8, 9 25), the 
Ppositive-fequency modes comespond to the an- 
nihilation operators and the negative-frequency 
modes to the creation operators (26), Processes 
that mix positive and negative frequencies in the 
laboratory frame (in the lass of the fiber) thus 
create observable light quanta. 

In the near ultraviolet around 300 nm, the 
dispersion of microstructured fibers (22) is dom 
inated by the bare dispersion of glass, where so 
rapidly grows with frequency (20) exceading eu. 
For such ultraviolet modes, the medium moves at 
superluminal speed. We see from the Doppler 
formula (Eq, 2) that these superluminal modes 
‘oscillate with negative frequencies «in the eo 
moving frame for positive frequencies «in the 
laboratory frame, and vice versa Moreover, each 
subluminal mode with positive hiss a super 
Juninal partner oscillating atthe same en-moving 
frequency o but with negative laboratory fhe- 
‘quency, The pulse does not change ex, but it may 
partially convert sub and superluminal partner 


Fig. 2. Measurement of 


modes into each other, thus creating photons 
(8, 9). Even ifall the modes are intially in their 
‘vacuum states, the horizon spontancously creates 
photon pairs. This process represents the optical 
¢ of Hawking radiation (7), and it occurs at 
‘both the black-hole and white-hole horizon (25). 
Photons with positive oF correspond to the par- 
ticles created at the outside ofthe black hole (8, 9), 
Whereas the negative-frequency photons repre- 
sent their partners beyond the horizon. In our 
cease, the photon pairs are distinguishable from 
the intense pulse, because their polarization can 
‘be omhogonal to the pulse and their frequencies 
Uiffer from the camer frequency by an octave. 
Furthermore, one ean discriminate the Hawking 
fleet ffom other nonlinear optical processes, 
such as four-wave mixing, because itis not sub- 
ject to their phase-matching conditions (20) 
Moreover, in addition to observing Hawking ra- 
iation perse, one could detect the correlations of 
the Hawking partners a feat that is impassible 
in astrophysics, because there the partner partickss 
are fost beyond the horizon of the black hole 
In onder to give a quantitative argument for 
the Hawking effect in optical fibers, we describe 
the propagation distance in terms of the time ¢ it 


blue-shifting at a white- 
hole horizon. The black 
‘curve shows the power 
spectrum of probe light 


a 
Ss 


that has not interacted 
with the pulses, whereas 
the green curve displays 
the result of the interac- 
tion; both curves are rep- 
resented on a logarithmic 
scale. The difference be- 
tween the spectra on a 
linear scale, shown in red, 


e 
Ss 


Power density [48m] 


Ss 


‘Normalized power density [ppm] 


exhibits a characteristic ~140) 
peak around the blue- 1480 1490 1500 1510 
shifted wavelength (oa) Wavelength [nm] 


‘and another peak around 


the spectral ne ofthe probe laser («,) due to a gap in the probe light; both features indicate the presence of 


a horizon. ppm, parts per miltion. 


Fig. 3. Doppler contours. 
‘The Doppler-sifted frequen 
‘gy 00 of the probe is a con- 
served quantity. The pulse 
shifts the laboratory frequen 
‘ey along the contour ines 
(of «as a function of the in- 
stantaneous dn; the same 
applies to the wavelength A 

2rcho. W the pube is suffi- 
‘Gently intense that Sn reaches 
the top ofa contour, the probe 
light completes an arch on. 
the diagram while leaving 
the pulse; it is red- oF blue 
shifted, depending on its ini- 


Wavelength [nm] 


tial frequency. 1265 
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takes fr the pulse to traverse it, ¢ = 2/u, and 
introduce the retarded time t= 1 ~ 2, The phase 
‘@ of each mode evolves as 

9 = Slwdr + wat) G3) 


‘We assume that the mode conversion occurs in & 
narrow interval of retarded time t near a horizon 
around t= 0, where we linearize 67 in r such that 


1- ear (4) 


We obtain from the phase integral (Eq, 3) and the 
Doppler formula (Eg, 2) the characteristic loga- 
rithmic phase at a horizon (8, 9). We use the 
standard result (8, 9, 25): Hawking radiation is 
Planck-distributed with the temperature 


hat 
2m 


An” (3) 


where fy denotes Boltzmann's constant, For 


evaluating a”, we consider 87 at x= 0, where 
« hod (6) 
etre 


Note that 7” denotes the Hawking temperature 
the co-moving frame, defined with respect to the 
Doppler-shified frequencies et temperature that 
is characterized by the Dopplershifted Hawking 
fiequency a’ in regions away fiom the pulse. 
se the Doppler formula (Eq. 2) withthe reffactive 
index (Bg. 1) and the linearization (Eg, 4) taken at 
T= 0,and obtain 


‘Consequently, the Hawking temperature 7'in the 
laboratory frame is 


(8) 


2r 


Because does not depend on the magnitude of 
&, even the typically very small refractive index 
‘variations of nonlinear fiber optics (20) may lead 
to a substantial Hawking temperature when 81 
‘aries on the scale of an optical wavelength, This 
is achievable with optical pulses of a few 
7.28) 
‘The Kerr nonlinearity (20) influences. not 
‘only the probe modes but the pulse as well (20) 
This self Ker effect shapes the pulse while it 
propagates in the fiber. Regions of high intensi 
lag behind, because for them the effective re 
tive indes is increased. The black-hole horizon 
the front is stretched, but the trailing edge be- 
‘comes extremely seep, infinitely steep in theory 
(20): The pulse develops an optical shock (20). 
The steep white-hole horizon will dominate the 
Hawking effect of the pulse. In practice, 
sion combined with other nonlinear optical 
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processes in the fiber, in particular stimulated 
Raman scattering (20), limit the optical shock. 
Assuming that the steepness at the shock front is 
‘comparable to twice the frequency of the pulse 
carrier, 8 = 10" Hz, the Hawking temperature 
(Eq. 8) reaches 10° K, which is many oniers of 
magnitude higher than that in condensed-matter 
analogs of the event horizon (10-12, 18). 

‘Our scheme thus solves two problems it once 
in a natural way: how to lt an effective medium 
move at superluminal speed, and how to generate 
a steep velocity profile a the horizon. Here the 
various axpeets of the physics of artificial black 
holes conspire together, in contrast to most other 
proposals (4, 10-16), 
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Stimuli-Responsive Polymer 
Nanocomposites Inspired by the 
Sea Cucumber Dermis 
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Sea cucumbers, like other echinoderms, have the ability to rapidly and reversibly alter the stiffness 


Of their inner dermis. it has been proposed that the modulus of this tissue 
teractions among collagen fibrils, which reinforce a low-modulus matrix. We 


regulating the i 


report on a family of polymer nanocomposites, which mimic 
/. Materials based on a rubbery host polymer and rigid 


‘chemoresponsive mechanic adaptal 


controlled by 


is architecture and display similar 


cellulose nanofibers exhibit a reversible reduction by a factor of 40 of the tensile modulus, for 
‘example, from 800 to 20 megapascals (MPa), upon exposure to a chemical regulator that mediates 
rnanofiber interactions. Using a host polymer with a thermal transition in the regime of interest, we 
demonstrated even larger modulus changes (4200 to 1.6 MPa) upon exposure to emulated 


physiological conditions. 


‘any echinoderms share the ability to 
Mem and reversibly alter the stiffness 

of their connective tissue (/). In the 
cease of sea cucumbers (Fig. 1, A and B), this 
‘morphing occurs within seconds andl creates con 
siderable survival advantages (/, 2). A series of 
recent studies on the demis ofthese invertebrates 
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has provided evidence that this defense mecha- 
nism is enabled by a nanocomposite structure in 
Which rigid, high-aspect ratio collagen fibrils 
reinforce a viscoelastic matrix of fibrillin micro- 
fibrils (2-4). The stiffness of the tissue is regu 
lated by controlling the stress transfer between 
adjacent collagen fibrils through transiently 
«stoblished interactions (5, 6). These interactions 
are modulated by soluble macromolecules that 
are secreted locally by neurally controled eff 
tor cells. The dermis of the Cucumaria frondasa 
and other sea cucumber species represents a 
compelling model of a chemoresponsive material 
in which a modulus contrast by factor of 10 (~S 
to ~S0 MPa) is possible (7). Intrigued by this 
capability and with the goal of creating new 
dynamic materials for biomadical applications, 
We set out to investizate whether nanocomposites 
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‘can be created that exhibit similar architecture 
and properties, The control of nanofiber inter- 
actions exploited here in soli polymer materials 
is similar to that observed in aqueous dispersions 
‘of poly (acrylic acid)-coated carbon nanotubes (8) 
‘or cellulose nanofibers (¥), which have been 
shown to exhibit lange viscosity changes upon 
Variation of pH. The materials further comphe- 
ment other polymeric systems with momhing 
mechanical behavior for example, cross-linked 
polymers that change cross-link density upon a 
change in pl1 oF ionic concentration (0, 12), 
The first series of nanocomposites studied is 
based ona rubbery ethylene oxide-epichlorohyrin 
1:1 copolymer (EO-EPI) (Fig, 1C) into which a 
rigid cellulose nanofiber network was ineomo- 
ated (Fig. 1, C and D), The EO-EPL matrix dis 
plays a low modulus and can accommodate the 
Uptake of several chemical stimuli, Cellulose nano- 
fibers. isolated fortis study from the manthes of 
sessile sea creatures known as tunicates (12), 
were used asthe reinforcing component. These 
“whiskers” exhibit high stiffness (tensile modue 
Jus ~143 GPa) (13) and dimensions atthe nano- 
eter scale (26 nm % 2.2 jum) (ig, SU). Similar 
nanofibers can be obtained from a range of re= 
newable biosources, incliling wood and cotton 
Whiskers fom tunicates were used here because 
their aspect ratio is higher than that of cellulose 
from other sources, which isadvamtageous for the 
formation of percolating architectures. Because 
‘ofthe high density of strongly interacting surf 
hydroxyl groups, cellulose whiskers have a strong 
tendency for aggregation (9, 14), The whisker- 
\hisker interactions can be moderated by the in- 
troduction of sulfite surface groups (Fig. 1C), 
\Wwhich promote dispersibility in select hydrogen- 
bond-forming solvents (/4, /5). This balance of | 
attractive and repulsive interactions isthe key for the 
fabrication of cellulose-whisker nanocompost 
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Good dispersion is achieved during processing 
\when whisker sell-interactions are “switched off” 
by competitive binding with a hydrogen-bond 

forming solvent (Fig. 1D) (/4, 15). Upon evap 
‘mation of the solvent, the interactions among the 


whiskers are “switched on,” and they assemble 
imo a percolating network. This architecture and 
strong interactions among the whiskers maximize 
stress transfer and therewith the overall modulus of 
the nanocomposite (/3, 15, 16). Similar w the sea 
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cucumber dermis, it should be possible to dynam- 
ically alter the modulus of the nanocomposites 
through the addition or removal of a chemical 
regulator that, in this case, would alter the extent 
‘of hydmgen bonding of the whiskers. 


J ka ai as 


A B 


Catliose whisker OEP! 
Fig. 1. Natural model and bioinspired design of 
‘chemomechanical nanocomposites. Pictures of a © 
sea cucumber in relaxed (A) and stiffened (B) Imeraction on" 
state demonstrating the firming of dermal tissue 
inthe vicinity of the contacted area. (C) Chemical —<—_$_* 


structure of cellulose whiskers isolated through 
sulfuric acid hydrolysis of tunicate cellulose pulp 
‘and the EO-EPI and PVAc matrix polymers used. 
(D) Schematic representation of the architecture 
and switching mechanism in the artificial nano- 
‘composites with dynamic mechanical properties, In the “on” state, strong hydrogen bonds between rigid, percolating nanofibers maximize stress transfer and 
therewith the overall modulus of the nanocomposite. The interactions are switched “off” by the introduction of a chemical regulator that allows for 
‘competitive hydrogen bonding, 
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Fig. 2. EO-EPVwhisker nanocomposites. (A) Tensile storage moduli E of EO- c 


Epthisker nanocomposites as a function of volume fraction of cellulose 
‘whiskers. The nanocomposites were conditioned by either drying in vacuum, 
‘equilibrium swelling in deionized water, or swelling to saturation in de- 
‘ionized water follaved by redrying in vacuum. Lines represent values 
predicted by the percolation and Halpin-Kardos model. The arrow indicates 
‘changes in modulus and volume fraction of whiskers resulting from aqueous 
‘swelling of one selected sample (19% wiv whiskers). (B) Solvent uptake as a 
function of whisker volume fraction under ambient conditions, immersion in 
deionized water, or isopropanol at room temperature. (C) Tensile storage 
moduli € of IPAswollen EO-EPUwhisker nanocomposites as a function of 
volume fraction of cellulose whiskers. Lines represent values predicted by the 
percolation and Halpin-Kardos model. Data points represent averages (number 
‘of individual measurements, N, = 3 to 6) + standard error measurements. 
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EO-EPUwhisker nanocomposites were pro- 
duced by solution casting from dimethylform- 
amide (DMF), as previously reported (/6), and 
the whisker content was varied between 0 and 
19% vv. The thermomechanical properties of 
these materials were established by dynamic 
mechanical analyses (DMA) and tensile tests 
DMA temperature sweeps (figs S2-and $3) 
display a glass transition temperature (7,) 
around 37°C (maximum of loss tangent, tan 
8), which is independent of the whisker content 
and matches the 7, of the neat EO-EPL matrix 
(fig. S2), The intensity of tan & decreases more 
than proportionally with the whisker concentra 
tion (Hig, $2), which is indicative of attractive 
polymer-whisker interactions. Figure 2A shows 
the tensile storage moduli (£") of dry EO-EPL 
whisker nanocomposites extracted fom the 
DMA trices for a temperature of 25°C, that is, 
in the rubbery regime far above Ty. E inereased 
With the whisker content from ~3.7 MPa (neat 
polymer) to -800 MPa (19% v/v whiskers). The 
‘observed rwinforcement suggests the formation 
‘ofa pervolating nanofiber nctwork in which stress 
transfer is facilitated by hydrogen-bonding. be- 
tween the whiskers. This hypothesis is supported 
by calculations obtained using a percolation mol 
(76), Within the framework of the model, the 
tensile storage modulus of the nanocomposites 
bbe expressed as (77, 18) 


(Le 2y + WADESEY 


(TD EY + 


Where £, and £', are the experimentally deter- 
mined tensile storage moduli of the neat EO- 
EPI G.7 MPa) and a neat tunicate whisker film 
(4.0 GPa), respectively: y is the volume fraction 
fer, 


‘of whiskers that participate in the load 
LX; is the volume fraction of whiskers: and 
the etitical whisker percolation volume faction 
calculated by 0.7/4. A is the aspect ratio of the 
Whiskers and has a value of $4 as determined by 
analysis of transmission electron microscopy 
(TEM) images (fig. SI). Figure 2 shows that 
the experimentally determined £ values of dry 
Pliwhisker nanocomposites agree with 
Values obtained from Eq, 1. By contrast, the data 
deviate strongly trom the Halpin-Kardos mode! 
(lig. S4). This behavior is indicative for the 
formation of a percolating network of strongly 
interacting cellulose whiskers within the EO-EPI 
imate (/5, 16), This architecture is confirmed by 
atomic force microscopy (AFM) (Fig. 3) and 
scanning electron microscopy (SEM) (Fig. 3B) 
images, which both show that the cellulose 
\Wwhiskers form a percolating network within the 
EO-EPL matrix. Stress strain curves (fiz. SS) 
reveal thatthe formiation of a percolating network 
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of cellulose whiskers within the EO-EPI matrix 
not only affects £” but abso has a considerable 
influence on the maximum tensile strength (0). 
‘which increased from 0.27 = 0204 (ncat EO-EPI, 
siress at becak) to 1.71 = 0.23 MPa (14.3% viv 
Whiskers, stess at yield), whereas the elongation 
at break was reduced from 360 = 20 10 6.7 * 
O.8t% (able SI). 

In view of the outstanding dispersibility of 
sulfite-modified cellulose whiskers in water (/5), 
‘we ekected to explore whether water could act as 
a chemical regulator for the whisker-whisker 
interactions in the EO-EPU whisker nanocompos- 
ites. The atmospheric water uptake of the ma- 
terials is negligible under ambient conditions, 
that i, if not placed in an agucous medium (Fi 
2B) Dry EO-EPL whisker nanocomposites were 
immersed in deionized water for 48 hours 10 
achieve equilibrium swelling (Fig. 2B). Under 
these conditions. all compositions investigated 
exhibit modest aqueous swelling (~30"% WV} i= 
dlicatng that in the ease ofthese compositions the 
‘water uptake is mainly govemed by the matrix 
polymer with only minor variations duc to whisk- 
r content. The tensile storage moduli for water- 
swolkn EO-EPUwhisker nanocomposites were 
measured by DMA at 25°C in de-ionized water. 
A pronounced reduction of E compared with the 
dry nanocomposites can be observed (Fig. 2A), 
The greatest mechanical contrast is seen in the 
case of the nanocomposite withthe highest whisker 
content (nominally 19% viv) (9) where E° was 
reduced from ~800 10 20 MPa. upon cqulibri 
swelling At the same tine, swelling with water 
kads to a significant decrease of the tensile 
strength (1.71 = 0.23 t0 0.37 © 0.11 MPa for a 
14.3% v/v whisker nanocomposite) (fig. SS and 
table SI) and an increase of the elongation at 
break (6.7 = 0.8 to 17.8 = 0.39%) Control ex- 
periments with the neat EOEPI (fig, SS and table 
SI) show minimal changes in tensile strength 
‘upon deionized water swelling 

One argument that could be made against the 
interpretation that the observed changes. in 


A B 


‘modulus, elongation at break, and tensile strength 
are the result of switching off the nanofiber- 
nanofiber interactions is that simple swelling of 
the matrix alone could lead to a plastic 
fect; however, carefl analysis of our data shows 
that this is not the case, DMA traces (fig. S2) 
indicate that the EO-EPU Whisker nanocompos- 
ites donot undergo any phase transition that 
‘would ead to a drop in modulus, such as eros 
linked polymer hydrogels and hygroscopic poly- 
mers, which can display a decrease of the ghiss 
transition temperature upon water uptake (20) 
Although £', of the neat EO-EPIis reduced from 
3.7 10 0.8 MPa upon equilibrium swelling with 
water (Fig, 2A), analysis in the context of the 
powolation model (Eqs. 1 and 2 and fig, S7) 
shows that a reduction of £, alone cannot 
count for a significant reduction of &. Figut 
also reveals that even after correcting for water 
‘uptake, the percolation model no longer ade- 
quately describes £ of the waterswolken nano- 
compasites. By contrast, the moduli now are in 
much closer agreement with the Halpin-Kardos 
model (22, which has successfully been used 10 
describe the modulus of nanocomposites. in 
‘which the filler is homogencously dispersed in 
a polymer matrix and does not display. pro- 
nounced fillr-filler interactions (22), The model 
assumes thatthe materials are equivalent to many 
layers of unidirectional plies oriented in alter- 
nating directions (-45°, 0°, 45°, and 90°), and the 
‘roperties of the unidirectional reference ply are 
predicted by the Halpin-Tsail equations where the 
fens storage modulus in the longitudinal (E') 
and transverse (E°7)dirwetions are given by (22,23) 


sek 


2A 


Ey = Edt Amol ne) GB) 


and Ey El + 2a) ~ m9) a“ 

Thus, all data indicate that the stiffness 
reduction achieved in the EO-EPL whisker nano- 
composites is related to the decoupling of the 


stresstransferring rigid nanofiber network upon 


= 


Fig. 3. Morphology of E0-EPUwhisker nanocomposites. (A) Representative AFM phase image of an 
ultramicrotomed nanocomposite containing 9.5% viv whiskers in EO-EPI. The inset shows an AFM 
phase image of a neat EO-EPl reference (horizontal scale bar = 500 nm, vertical scale bar = phase 
shift 120 to 0°). The samples were briefly (10 s) immersed in tetrahydrofuran and rinsed with IPA 
to partially dissolve the polymer at the surface of the sample and to expose the inner structure of 
the films. (B) Representative SEM image of an untreated nanocomposite containing 9.5% viv 


whiskers in EO-EPI. 
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introduction of water as a competitive hy drogen- 
bonding agent. Consistent with the proposed 
mechanism, the switching is fully reversible: The 
materials adapted their original stiftess upon 
dying (Fig. 2A), 

‘To investigate the specificity ofthe switching 
mechanism, we investigated the effect of isopro- 
panol (IPA) as the swelling agent. IPA was 
selected because it swells neat EO-EPI to a 
i degree as Water (Fig. 2B) but is incapable 

crsing cellulose whiskers (/6), The nano- 
‘composites swelled upon immersion in IPA (Fig. 
2B) to 4 level similar to that of the composites in 
\water; however £ barely changed in comparison 
to the dry state (Fig. 2C), and the data fit the 
pewolation model, This result continns that the 
cchemomechanical response is langely a result of 
disruption of the whisker-whisker interactions 
and not just plastcization of the material. By 
‘contrast, EO-EPI is plasticized considerably upon 
IPA swelling (E° drops ftom 3.6 to 0.93 MPa), 
This contrast highlights the most important 
advantage of the nanocomposite approach over 
simple plsticization of a neat polymer. Although 
plasticization through solvent uptake, which is 
inherent to the latter, is a nonspecific process, the 
responsive nanocomposites can be designed to 
display a response that is specific to the nature of 
the stimulus. In addition, the nanocomposite ap- 
proach provides the ability to inerease the initial 
siiliness and strength of the material and allows 
for the use of hast polymers that have no thermal 
transition in the temperature regime of interest, 
the EO-EPI matris used here. 

We are interested in exploiting dynamic 
imechanieal materials in biomedical applications, 
specifically as adaptive substrates for intracortical 
Iicroelectrodes. These implants have the ability 
to record brain unit activity (24), Brain-machine 
es that rely on these ekvetroxkes provide 


solutions to medical conditions such as Parkin- 
son's disease, stroke, and spinal chord injuries 
‘One problem with current microclectrodes. 
is that the signal quality usually degrades within a 
few months, making chronic applications chal- 
lenging (26). One hypothesis for the cause of 
possible failure, especially in recording applica- 
tons, i that the micromotion of rigid electrodes 
Within the soft cortical tissue chnonically inflicts 
‘trauma on the surrounding neurons (27). We 
hypothesize that a mechanically adaptive elec- 
trode could alleviate this problem, and we ane 
thus interested im designing devices that ane 
initially rigid to allow for penetration of the pia 
mater during implantation (28) but that sofien 
slowly and without excessive expansion upon 
implantation in response to the chemical envi- 
ronment within the brain (for an emulation, sce 
Movie S1). For this application, an initial £’ of 4 
GPa is desirable to allow for the insertion of an 
clectrode with typical dimensions into the cortex 
(29), Because EO-EPU whisker nanocomposites 
display a substantially lower £”, we sought 10 
ombine the switching mechanism with a chem 
ally influenced thermal transition. We discov- 
cered that nanocomposites based on poly(vinyl 
acetate) (PVAc) (Fig. 1C) and cellulose whiskers 
display such a “dual” responsive behavior. Our 
data show that, upon exposure to physiological 
conditions, the materials undergo & phase tran- 
sition; in addition, the reinforcing whisker net- 
work is disassembled. DMA experiments (Fig. 
4 and fig. S8) reveal that the neat PVAc dis- 
plays a Ty around 42°C, that just above phys- 
iological temperature. £',of the neat polymer is 
considerably reduced upon heating from roo 


smperature (1.8 GPa at 23°C) w above Ty 


(0.39 MPa at S6°C) (this corresponds to Ty 
16°C and marks the temperature at which 
starting to level off). As evidenced by DMA data, 


‘Temperature (°C) 
PVAdwhisker nanocomposites. (A) Tensile storage moduli £ of 


Fig. 
dry films of PVAc/whisker nanocomposites as a function of temperature. 
The nanocomposites contain between O and 16.5% viv whiskers. (B) 
Time-dependent modulus decrease of neat PVAc and a 12.2% viv PVAC 
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the introduction of cellulose whiskers into PVAc 
has only a minimal influence on Ty in the dry 
state (Fig. 4A and fig. $8). The thenmal transition 
is sharpened, and the temperature at which 
bexins to drop is increased fom ~2S to 40°C. 
For certain biomedical applications, this effect is 
‘ery desirable, because it prevents the thermally 
induced softening of the material just upon ex- 
pesure tbody temperature, Asa consequence of | 
the already rather high slflness of the glasy 
PVAc matrix, only a modest reinforcement is 
‘observed for the nanocompesites below Ty (E’ = 
S.1 GPa with 16.5% viv whiskers) (lig. SS), 
eflect is observed above Ty. 
‘where £” is increased fiom 1.0 MPa for the neat 
polymer matrix up to 814 MPa with 16.5% viv 
‘whiskers (at 56°C), The experimental data above 
Tz match well with the percolation model (fig 
'S¥), which indicates that also in this series a 
percolating network of strongly imeracting 
‘whiskers is formed (/5, 76, 18), The nanocom= 
posites demonstrate significant swelling in both 
ionized water and antficial cerebrospinal fluid 
(ACSF), The solvent uptake increases with in- 
creasing whisker content and temperature (fig, 
'89), lowers the Ty to below physiological tem- 
perature (19 t0 23°C) (fig, S10), and reduces 
«dramatically. For example, the E* of a 16.3% viv 
whisker nanocomposite above Ty is reduced from 
814 MPa (dry) to 10.8 MPa (water swollen; data 
are for $6 and 37°C, respectively, that is, 16°C 
above the respective 7). As forthe waterswollen 


the ACSF swollen PVAc/whisker nanocompos- 
ites are better described by the Halpin-Kantos 
than the percolation model (fig. SX), again ine 
dicative of decoupling of the stres-transferring 
‘nanofiber network upon introduction of Water 
Exposure to bvain tissue, simulated here by 
immersing the simples into ACSF and heating to 


122% viv whiskers 
© 00% vvwhskers 


1s 20 
Time(min) 


‘upon immersion into ACSF and increasing the 


35 35 40 


temperature from 23°C to 37°C. Lines represent time required for 
temperature to increase from 23°C to 37°C and isothermal control at 
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physiological temperature of 37°C at -2°C min 
(30) (Movie S1), eads to a pronounced reduction 
of E”, Whereas the neat PVAc (dry £',= 1.8 GPa 
a 25°C) instantly softens under these conditions 
(Fig. 4B), the £ of the whiskerreinforced nano- 
composites (see Fig. 4B fora 12.2% v/v nano- 
composite) is reduced slowly over a period of 15 
amin, The whisker-reinforeed nanocomposite dis- 
plays a much higher dry £° (42 G 
than the neat PVAc, but both materials reach 
nearly identical moduli upon immersion in ACSF 
at 37°C (1,6 MPa) 

Our data suppor a simple and versatile 
{or the ereation of polymer nanocomposites, 
\whose architecture and mechanical adaptability 
closely mimic the proposed architecture and ob- 
served response of the sea cucumber desis. The 
mechanical properties of these chemoresponsive 
materials ean selectively and reversibly be con 
trolled through the formation and decoupling of a 
three-dimensional network of welFndividualized 
nanofibers in response © specific chemical tig- 
It will be interesting to explore whether the 
framework can be adapted to nonchemical tig- 
ser, fr example, optical or electrical sim 
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Heterogeneous Nucleation Experiments 
Bridging the Scale from Molecular lon 
Clusters to Nanoparticles 


Paul M. Winkler,? Gerhard Steiner,” Aron Vrtala,* Hanna Vehkamaki,? Madis Noppel,” 
Kari E. J. Lehtinen," Georg P. Reischl,* Paul E, Wagner,’ Markku Kulmala’* 


Generation, investigation, and manipulation of nanostructured materials are of fundamental and 
practical importance for several disciplines, including materials science and medicine. Recently, 
atmospheric new particle formation in the nanometer-size range has been found to be a global 
phenomenon. Stil, its detailed mechanisms are mostly unknown, largely depending on the 
incapability to generate and measure nanoparticles in a controlled way. In our experiments, an 
‘organic vapor (n-propanol) condenses on molecular ions, as well as on charged and uncharged 
inorganic nanoparticles, via initial activation by heterogeneous nucleation. We found a smooth 
transition in activation behavior as a function of size and activation to occur well before the onset 
‘of homogeneous nucleation. Furthermore, nucleation enhancement for charged particles and a 
substantial negative sign preference were quantitatively detected. 


Jondensational growth, evaporation, and 
Is iy are important 


‘phenomena in materials science, Nuid 
dynamic 


, aerosol physics and technology, and 
istry, including cloud micro 
physics and cloud chemistry. A prerequisite for 
the start of condensation is homogene 
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cleation of new particles or the activation of 
preexisting particles by heterogencous nuckea- 
tion. The latter can occur either on ions, soluble 
particles, or insoluble particles, and is enenzet- 
ically easier than homogeneous nucleation (1). 
Both particle formation processes are of fun- 
damental as well as practical importance and 


have been the subject of investigations for more 
than @ century (2), Important examples repre= 
senting the different processes are given by the 
use of the Wilson cloud chamber (3) in high- 
energy physics for the ease of ions, the for- 
mation of cloud droplets in the troposphere for 
the case of soluble particles, and the occurrence 
Of ice nucleation for the case of insoluble seed 
particles (7). Atmospheric observations sugwest 
that the initial formation and growth are 1wo 
uncoupled processes (5-7), and therefore the 
activation mechanism of small clusters is of 
Vital importance. Understanding the formation 
and initial growth processes in detail is also 
crucial to control the production of nanomate- 
rials (8) 

In this paper, we present experimental results 
fee the activation of molecular cluster ions, charged 
and neutral clusters, and nanomcter-size particles 
having almost monodisperse size distributions, 
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With mean diameters ranging from 1 10 24 nm 
and geometric SDs between 1,021 and 1,058. Pur- 
ticle number concentrations were between 2000 
and 10,000 em, We used insoluble inorganic 
seed acrosol (WO,) and condensable onzanic 
Vapor (n-propanol) to determine the dependence 
‘of activation diameter on charging state and va- 
Por saturation ratio. For comparison, other insol- 
Uble inorganic seed aerosols [Ag and (NH,),SOg] 
Were also used (9), The range of particle sizes 
studied together with the fit that the particles 
are, in practice, monodispersed-—is the main 
novelty of our work: To our knowledge, this is 
the frst time that activation of neutral particles 
has been studied for particles smaller than 3 nin 
in diameter. 

‘The experimental system (9) includes a source 
‘of monodispersed particles and a vapor genera- 
tion unit. Vapor supersaturation is achieved by 
adiabatic expansion in a computer-controlfed ther- 
mostated expansion chamber {the size-analyzing 
nuclei counter (SANC)]. Droplet growth is ob- 
served by means of the constant-angle Mie seat- 
tering (CAMS) detection method (/0), Details 
‘of the experimental system are presented elsc- 
where (11), 

We generated welhdeined nearly monodis- 
persed nanoparticles using different types of par- 
ticle generators in combination with an electrostatic 
classification system capable of selecting parti- 
cles with speeificd charging state and mobility 
diameters down to and even below I nm. lons 
were obtained from a mdiogetive source ina 
Am charger. Charged particles leaving the 
classifier were either passed through a Am: 
neutralizer to obvain neutral particles or passed by 
the neutralizer to preserve changing properties. In 
‘onder to remove ions, which Were produced in the 
neutralizer, from the aerosol flow, we applied an 
jon trap. -Propanol vapor was axed to the sys- 
tem by controlled injection of a liquid beam and 
subsequent quantitative evaporation in a heated 
unit. Those particles inducing hetermeencous nu 


Fig. 1. Heterogeneous nucleation 
probabilities versus vapor saturation 
fatio for nucleation of n-propanol on 
fons as well as charged and un- 
charged WO, clusters of different 
diameters: WO,, 4 nm (stars); WO, 
2.4 nm (triangles); WO,, 1.7 nm 
(squares); positive ions, 1.1 nm (red 
circles and negative ions, 0.93 nm 
(blue circles). Colors refer to differ- 
ent charging states: blue (negatively 
charged), red (positively charged), 
and black (neutral. Solid lines are 
shown to guide the eye. 
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cleation in the SANC expansion chamber at the 
‘Vapor supersaturations considered lead to the for- 
imation and growth of liquid droplets, which were 
optically detected. 

We measured heterogencous nucleation (ac- 
tivation) probabilities using the above described 
SANC-CAMS method. For all experiments re- 
ported in this paper, the nuckation temperature 
was kept constant at about 275 K. For each 1 
propanol vapor saturation ratio, the fraction of 
activated particles relative to total particle num- 
ber concentration was determined, resuing in a 
nnuckation-activation probability curve. Experi- 
mental nucleation probabilities, determined for 
molecular ions and nanometersize particles, are 
shown in Fig. 1, The diameters of the seed ob- 
jects range from 4 nm down to 0.9 nm. The 
smaller the size, the higher the saturation ratio 
that is needed for activation, reflecting the well- 
known curvature effect first observed by Thom 
son (/2). As can be seen at 4 nm, the nucleation 
probability curves are mainly overlapping, 
Wheras with decreasing particle size, the curves 
split up, indicating that charge effects inereasing- 
ly promote the nucleation process. Negatively 
charged panicles ane found 10 require smaller 
saturation ratios to activate for nucleation than 
positively charged particles and neutral ones 

Each probability curve ean be represented by 
the conesponding onset saturation ratio (i, the 
saturation ratio where 30% of the particles of a 
certain size are activated). Experimental onset 
saturation ratios as functions of mobility diame- 
ter, together with the Kelvin diameter and the 
homogencous nucleation limit, are shown in Fig, 
2. The Kelvin diameter corresponds tothe size at 
\Which the vapor and aerosol particles, whose sur- 
faces are coated with »-propanol, are in equilib 
rium (9). In principle. ifthe particle size is larger 
than the Kelvin diameter, the aerosol particles 
will grow; ithe particle size is smaller, they will 
evaporate. However, in our experiments, all par= 
ticles considered are activated and start to grow at 


35 


REPORTS [ 


sizes clearly smaller than those indicated by the 
Kelvin equation and at saturation ratios well be- 
low the onset of homogencous nuckeation, 

For particles with diameters around 4 nm and 
above, nucleation behavior was found to be in- 
dependent of charging state, However, as seen 
already in Fig. 1, charge effects become increas- 
ingly important with decreasing panicle size. Dif- 
ferences between heterogencous nucleation on 
hanged and neutral particles were experimental- 
ly observed, starting at diameters below 3 nm. 
(Clearly, a “sign effect” can be seen, meaning that 
negatively charged particles appear to be more 
easily activated for growth than positively charged 
particles, Smaller sturation ratios are generally 
required 10 activate changed particles for nuclea- 
tion. For example, ata saturation ratio of 2,75, 
the activation size is 14 nm for negative clusters 
and 1.8 ni for neutral ones. A smooth transition 
from molecular ions to particles is observed, 
thereby bridging the seale from molecular ion 
clusters to nanoparticles, Consistently, fr ions, a 
similar sign effect has been found as for changed 
particles, Recently, Nadykto ef al. (13) have pro- 
Posed that the sign can be reproduced by quan- 
tum chemical methods and may be positive or 
nogative, depending on the nature of the ions 
considered. 

Jn Fig. 2, we also compare our experimental 
findings with an onset activation curve predicted 
by heterogencous nuckation theory (9, 14). In 
heterogeneous nucleation, the critical cluster ix 
formed on a preexisting surfice, and only part of| 
the vaporliguid surface needs to be built from 
scratch, bycause part of it can be borrowed from 
the preexisting interface: this fact decreases the 
‘eneruy harrier of cluster formation as compared 
\with homogeneous nucleation (7, 72), The angle 
‘between the preexisting surfice and the surfice 
‘of the nucleating cluster is called the contact 
angle ©, The value that we used forthe contact 
angle was 0°, comesponding to the recent obs 
servations for n-propanol droplets nucleating on 
aan Ag surface (//). Substantially larger contact 
angles would lead to a predicted activation diam- 
ter being lager than the Kelvin diameter (/), 
\Which is in contrast to our experimental findings: 
thus. we conclude that the particles are, in prac 
tice, totally wettable to the propanol vapor, In 
atmospheric and materials science, heterogencous 
nucleation is typically ignored, This i mainly 
‘because no proper experimental data have so fir 
cexistod at panicle sizes small enough to be rel 
‘evant to formation and initia growth, Our results, 
however, show that the theory developed by 
Fletcher $0 yearsago predicts the observed onset 
activations for neutral particles and clusters 
exceadingly well, even at the size range of'small 
‘molecular clusters. 

The effect of charge on the onset activati 
‘curves can be estimated by ion-induced nuck 
tion theory —with Gis five energies calculated 
‘based on the Thomson theory (/5)— together with 
the Fleicher theory (9), hereafter referred to asthe 
combined” theory. The onset activation satura 
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tion ratio as a fimetion of diameter, estimated by 
‘the combined theory, isalso superimposed in Fig. 2, 
showing an even lower supersaturation required 
for activation. The combined theory provides no 
explanation why negative particles activate be- 
fore positive ones of the sume size. However, the 
dliflerence between the Fletcher theory (Hetero- 
‘geneous nucleation) and the combined theory 
(beterogencous and ion-induced nucleation) seems 
to provide a useful estimate for the diflerence in 
‘onset activation supersaturations between charged 
and neutral particles. 

‘The use of the recently developed beteroge- 
neous nucleation theorem (16) will provide an 
estimation of the number of molecules in the 
nucleating cluster. In the experiments presented 
here, the number is around 20 10 25 molecules 
‘The ratio of the experimental activation diameter 
tothe Kelvin diameter is almost size-independent 
and is around 0.68, Our experimental technique 
‘can thus be used to produce particles, with a well 
defined surface layer consisting of a small num 
ber of molecules for future technical and industrial 
Purposes, 

Sof it has been generally accepted (7, 17) 
that activation of (neutral) particles ts predicted 
by the Kelvin equation, The fact that particles 
are activated at much smaller sizes than in- 
dicated by the Kelvin equation is. thus un- 
‘expected apparently, heterogeneous nuckeation 
has been typically fongotten or at feast ignored, 
and the Fletcher theory has not been applied to 
small clusters or nanoparticles. The latest find- 
ings will give insight to some aspects of mate- 
rials science, atmospheric particle formation, and 
especially {0 measurement techniques of small 
facrosol particles, Based on laboratory experi- 
iments, atmospheric observations, and modeling 
(/8-20), itis often predicted that homogeneous 
hhucleation will produce particles with diameters 
around 1 to 2 nm, Indeed, Strey et al. (22) have 
shown that, for the ease of homogeneous. mu- 
cation (i.e. in the absence of seed particles), 


Fig. 2. Experimental onset satura- 
tion ratio as a function of seed par- 
ticle mobility diameter for ions as 
well as for charged and uncharged 
‘WO, particles. The Kelvin diameter 
Golid blackline) and the homoge- 
neous nucleation onset ros-hatched 
shaded area (29)] are shown for com- 
parison. We also show the predictions 
by the Fletcher theory for hetero- 
‘geneous nucleation on uncharged 
particles (dashed black line) and the 
‘combined theory accounting for the 
charge of the seed particles (dashed 
‘yan line) (9). Error bars indicate 
the measurement uncertainty when 
‘measuring saturation ratio and par- 
ticle diameter. 


‘Propanol onset saturation ratio 
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the critical cluster size agrees well with the 
Kelvin equation; this indicates that the Kelvin 
‘equation remains generally valid for critical cus 
ters down to the size range of 1 10 2 nm. Our 
results show that, for example, if the Kelvin 
diameter is 2 nm, then the activation diameter is 
around 1.2 nim; this finding indicates that all 
seed particles with diameters larger than 1.2 nm 
are capable of acting as nuclei for condensation, 
which is alo consistent with the recent obser- 
vation of size-dependent aerosol growth (6). 
As described by the Fletcher theory (9, 14), 
small embryes have a thermodynamic barrier 
to cross, but critical size clusters are nevertheless 
formed on sced particles as a result of statistical 
Auctuations. They reach the ertical size and be- 
come stable for growth when their radius co- 
cides with the Kelvin curvature. The work of 
formation of an embryo on a seed particle is 
always smaller than the work of formation of a 
Kelvin-size embryo in homogencous nucleation, 
even if the seed particle diameter is below the 
Kelvin size. This is manifested by our finding 
that organic vapor will condense much easier on 
even the smallest preexisting seed particles than 
form new particles, 

In nanomaterial production, there are several 
‘examples of experiments where the detailed par- 
ticke formation, activation, and or initial growth 
mechanisms are unknown, and modeling attempts 
have been unsuccessful (22, 23). These modeling 
efforts are typically based on the application of 
classical homogencous nucleation theory with 
some adjustable factor, together with coagulation 
and! condensation models for the growth, The 
heterogencous nucleation activation stage is typ= 
ically neglected, and condensation is assumed 10 
start at the Kelvin limit. The present study pro- 
[poses one severe deficiency in these approaches, 
because we clearly observe that activation and 
ccondensational growth can start at sizes signif- 
cantly smaller than previously expected from the 
Kelvin equation. 
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One of the main implications of this study is 
that the detection limit of condensation particle 
‘counters (CPCs) can be extended to considerably 
ssnaller sizes (24, 25). The operating principle of 
these devices is based on activation of particles in 
supersaturated vapors and consequent growth 10 
sizes detectable by optical methods. A major con- 
ccm has been possible homogeneous nucleation 
‘of new panicles when the application of high su- 
pessaturations is required to activate nanopati- 
les. However, this study shows that, rather than 
nucleating homogencously to form new particles, 
the vapors tend to nucleate heterogencously and 
further condense onto the preexisting particles 
at sizes much smaller than believed in the past. 
This fact has already been used in atmospheric 
studies (D). 

In the literaure, there are some laboratory 
studies conceming the effet of ions on the nu= 
leation rate. However, they are not typically re= 
{ated to activation of existing particles or clusters 
For example, Kim et al. (26) investigated homo- 
sgencous and ion-induced nucleation in the ter- 
nary NHySOyH,Olair mixture, As a result of 
their study, they proposed that the main particle 
production mechanism is homogencous nuclea- 
tion of (NH4)SOs molecules produced by the 
HSO¢NUs reaction, Several years ago, Gamero- 
Castaio and de la Mora (17) proposed clusters 
“impurities in the gas phase” using their CPC. 
‘Their study focused on the activation of ins and 
charged nanoclusters with the use of a CPC, but 
«did not include any comparison between changed 
and neutral particles. 

The presence of ions, and electric charge on 
particles, will enhance not only the activation 
probabilities but also the growth rates of very 
small (nanometer-size) aerosol particles and ar 
ions (27, 28), The condensing vapors may exhil 
dipole nature and cin thus be electrostaically 
atracted to changed pautckes. This effect decreases 
rapidly with inereasing panicle size, which means 
that if this mechanism dominates the growth of 
fieshly nucleated particles, the particle growth 
rate should decrease as a function of the particle 
size. However, no sign of such a growth depen- 
dence has been reported. Although the conden- 
sation enhancement factor caused by the presence 
of eketric charges varies between the different 
theories, all of the theories predict a fairly si 
size dependence for this effect (6), Howe 
conding 1 our present study, the possible 
ference in growth has a much smaller effect on 
atmospheric aerosol formation than the act 
vation probability. Therefore, we ean conclude 
that the key process in atmospheric invest 
gations is the activation of preexisting clusters 
and nanoparticks, 

From the point of view of atmospheric aero 
sols and their climate interaction, our observation 
allows a more accurate description of cluster 
tivation leading to aerosol formation, In atmospher- 
iepmeesses, several different organic compounds 
are undoubtedly participating in the activ 
process. 
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Age and Evolution of the Grand 
Canyon Revealed by U-Pb Dating of 
Water Table-Type Speleothems 


Victor Polyak,* Carol Hill, Yemane Asmerom 


The age and evolution of the Grand Canyon have been subjects of great interest and debate 
since its discovery. We found that cave mammillaries (water table indicator speleothems) 

from nine sites in the Grand Canyon showed uranium-lead dating evidence for an old western 
Grand Canyon on the assumption that groundwater table decline rates are equivalent to incision 
rates. Samples in the western Grand Canyon yielded apparent water table dectine rates of 

55 to 123 meters per million years over the past 17 million years, in contrast to eastern 

Grand Canyon samples that yielded much faster rates (166 to 411 meters per million years). 
Chronology and inferred incision data indicate that the Grand Canyon evolved via headward 
‘erosion from west to east, together with late-stage (~3.7 million years ago) accelerated incision 


in the eastern block. 


Ver since the first geologist known to set 
E ‘yes on the Grand Canyon, John Strong 

wherry in 1858, and the famous John 
Wesley Powell expedition of 1869 (1), the age 
and origin of the Grand Canyon have remained a 
subject of great scientific and popular interest 
Accurate incision rate data have, until now, come 
from dating basalt flows and travertine deposits, 
butthese results have not been able to record both 
the downward and headward incision of the 
Grand Canyon over its entire history beyond 
| million years ago (Ma) and higher than 100:m 
above the river (2). More than S0-years ago, 
Arthur Lange, a speleologist, proposed that the 
study of cave sediments and speleothems (cave 
formations) could produce an accurate minimum 
age for the Grand Canyon (3), U-series dating of 
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speleothems, and consequently landscape evolu- 
tion determinations using caves, bevan in the 
1970s by alpha spectrometry (4) and were greatly 


improved by the application of mass spectrom 
tty in the mid-1980s (5). 

‘The realization that certain speleothems such 
‘ss mammillary coatings (Fig. 1) form nar ground- 
water tables [herein referred to as water tables 
(6)jand the 
‘contain mammillary speleothems (7), has allowed 
us to take advantage of advances in U-Pb and U= 
series analytical techniques in an effort to make 
the long-sourht chrmology pessible, For the Grant 
Canyon area (Fig. 2), there is no better niebe than 
‘aves to find both clastic and chemical sediments 
that were deposited before, during, and ater the 
incision of the canyon, Equally imporuant, these 
‘ave deposits are located throughout the canyon, 
Caves are not only well suited 10 contain these 
deposits, they also provide an ideal environment 
that preserves and protects them from weath- 
ving. These mammillary coatings in the Grand 
Canyon caves contain sufficient uranium-tead 
ratios and yield U-Pb dates that place the water 
table within the canyon at a particular place and 
at an absolute time, This allows for the incision 
history of the Girand Canyon to be reconstructed 


Fig. 1. Cave mammillaries 
coat cave walls below but 
near the water table. A cross 
section of broken mammil- 
laries (mm) and exposure of 
underlying bedrock (b) from 
site 6 (sean Bida) are shown, 
The unbroken form of this 
speleothem type (white ar- 
rows) indicates a subaqueous 
origin, 
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Fig. 2. Map showing locations and U-Pb ages of cave mammilary samples and 
their apparent incision rates ite numbers (in cles) are those refered to in Table 
1 and the text those in brown circles represent surfaceexpased mammillary calcite. 
‘Washout satelite image was taken from the NASA World Wind Web site, with darker 


Table 1. U-Pb 


17  3%o with 8° “Usaa of 3000  2500%e, For sites with 3” ™Uneaaand = On 


rates assume a large uncertainty ofthe &*™Ujpqya = 3100 + 2500. 


0.83 + 0.05 Ma 


374233 m/My 


2.68 + 0.49 Ma 


regions representing higher elevations, Gray area is the canyon corridor. Two cross 
sium Rod CD O's 'S3), show generalized pertinent stratigraphy. RM denotes 
the riversmile location. Incision rate erors assume 6°™*Uymu values = 3100%e for 
‘sites 1, 2, 4, 6, and 9; see Fig. 3C for expanded uncertainties for these sites, 


es and incision rates from cave mammillaies. RM, river mile; IR incision rate. Mother Cave mammillary age is estimated from 3?™Ueaures Of 
fs assumed to be 3100%e. Extended 2c absolute errors on the incision 
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_on the basis of the premise that the timing of this 
\ater table descent is eoeval with incision of the 
Colorado Plateau by the Colorado River system. 
‘There are three main reasons for placing the 
deposition of mammillary coatings at or near the 
water table. First, the fine-grained, fibrous nature 
of these speleothems attests to the rapid degass- 
ing of CO, and precipitation of calcite near the 
water table surface. Second, the Grand Canyon 
mammillaries are offen associated with folia and 
‘eave rafis, two speleothem types known to form 
directly at the water table (6). Third, mamumillaries 
‘can be seen forming near the water table today in 
caves such as Devils Hole, Nevada (380 kin west- 
northwest of our study area), where they occur 
along the top few tens of meters of the water table 
(8, 9. The presence of gypsum rinds in Grand 
Canyon caves interpreted to be speleogenctic- 
{ype crusts formed by oxidation of HS diffusing 
upward ito the eaves as the water table drops 
through the caves (fig. S1)—also supports mam- 
millary association with the water table, These 
‘gypsum rinds, which dioetly overic mamillary 
coatings, form just above the water table and 
display characteristic sulfur isotope (8S) values 
depending on the source of the HsS (10). 
Mammillary samples were dated by the U-Pb 
method (//), U-Pb analyses of relatively young 
carbonate speleothems have recently been shown 


o7s 


10 be feasible under certain circumstances (2 
and concems with excess Pb from initial 7“U- 
>5U isotopic disequilibrium can be resolved by 
combining U-Pb data with *U2"U chronon- 
eter data (/2. 13): "Pb data are comected for 
24U excess and 7¥°Th deficiency, and >””Pb data 
‘are corrected for "Pa deficiency (9) (fig. S2). 
Where U-Pb and 7#U chronologies overlap, the 
‘two systems give consistent chronology 

ur core data (57 analyses) come from nine 
smammillary coatings throughout the canyon, re- 
ferred to as sites 1 0 9 (Fig. 2). Four of these 
soatings (sites 1 0 4) for the westem Grand 
Canyon, all within 1200 verical meters above 
the Colorado River, vield ages of 17.0, 76, 3.9, 
and 2.2 Ma. Five other coatings (sites $ 10 9) are 
located in the castem Grand Canyon, all within 
‘950 vertical metersabove the river, and have ages, 
of 3.7.34, 2.7, 22, and 0.8 Ma, For simplicity 
all apparent water table descent 
rates are based on a relatively flat water table over 
‘time. Our U-Pb ages (Table 1 and table S1) show 
Water table descent rates of SS to 123 m per mik 
tion years (My) in the westem Giand Canyon and 
166 t0 411 m/My in the eastem Grand Canyon. 

‘Sample sites 1 and are situated 42 and 26 km 
north and south, respectively, of the Colorado 
River (Fig. 2) and show water table descent rates 
that have spatial extent just beyond the canyon 


oa 
o70 


Vertical distance above river (m) 


Fig. 3. (A and B) U-Pb Concordia-constrained linear three-dimensional isochron ages for samples in the 
western Grand Canyon (A) and the eastern Grand Canyon (B). Note the difference in elevations of these two. 
‘samples of similar age. These data support a headward erosion scenario for the Grand Canyon. (C) Graph 
illustrating the distinct differences in incision rates in the western versus easter Grand Canyon. Extended 
ertor bars assume a large uncertainty ofthe Una values = 3100 = 2500%for sits, 2,4, 6 and 9. 
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itself. Our four westem data points support a 
relatively stable slow drop in the water table in 
the westem Grand Canyon over the past 17 My. 
In contrast, results fiom the castem Grand 
Canyon show distinctly faster water table descent 
rates, all having U-Pb ages less than 4 Ma (Fig. 3), 
In adkition, one other site in the eastem Grand 
‘Canyon could not be dated by U-Pb (excess com- 
‘mon Ph) but has a positive "Ui value, This sam- 
‘ple fiom Mother Cave near Grand Canyon Villa 
(site 10; Fi 
[based on a &°U initial value of 3000 
per mil (%)] of 1.6 = ~0.5, yield 
‘water table descent rate of 
provide further evidence of faster eastem Grand 
Canyon water table descent rates. 

‘Westen Grand Canyon incision rates are well 
constrained at $0 10 75 mMy for the last 0.73 My 
fiom basalts located within 60 vertical meters 
above the river (2). Our incision rates represent- 
ing 100 10 1200 m of incision (55 10 75 m/My, 
excepting site 1) compare well with those deter- 
‘mined from the near-river basalt flows and fil an 
incision rate history gap representing millions of 
years, Canyon incision by a smaller river system 
is the most likely interpretation forthe relatively 
stable long-lasting rate of apparent water table 
descent (SS to 123 m/My) for the westem Girand 
Canyon, This suggests that the westem Grand 
Canyon has been forming for the past 17 My and 
thas probably progressed slowly headhwand to the 
cast over that entie period. An okler westem 
Grand Canyon fits nicely with Miocene exten- 
sion and timing of Grand Wash fault activity that 
may represent uplift of the westem edge of the 
Colorado Plateau just prior to 20 Ma (/4) and 
filling of the Grand Wash trough with sediment 
coming from the Virgin Mountains to the north 
and higher topography just to the east (15). A 
‘water table descent 10 the elevation of site 
1.61200 m above sea level indicates that ero- 
sion of trough sediments was wking place as 
carly as 7.6 Ma. Ou incision rate data would 
imply that Grand Canyon incision into the Grand 
Wash fault cliffs incised into the top of the 
Rediwall-Muay aquifer of the Colorado Plateau 
some time between 16 and 9 Ma. Initiation of 
deposition of the Miocene-aged, lacustrine, 
Halapai limestone [11 1 6 Ma (/6, 17)] may 
have been coeval with, and the result of, the 
release of carbonate-rich water from the newly 
‘muncated Redwall Limestone (14, 18). 

‘The easter third of the Grand Canyon ap- 
ears to have undergone fast incision (166 m/My) 
and rapid headward erosion stating before 3.7 Ma 
and likely at $ 10 6 Ma when the Colorado 
River became filly integrated and through- 
flowing (/7). previously reported faster incision 
rate in the eastem Grand Canyon [150 t0 230 
My for the past 0.5 My: river mile 60 (/9)] is 
consistent with our results in that area (140 to 
203 m/My)and was compared and attributed to 
the Hurricane Fault displacement (2). However, 
our data suggest accelerated headward erosion it 
the eastem Grand Canyon whether from simple 


2and Table 1) has a74U2U age 
50) 
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knick-point propagation, lake overilow (20), or 
karst capture (/8). Marble Canyon mammnillaries 
alo indicate fist incision rates. At river miles 57 
(site 7) and 32 (site 8), incision rates are 166 and 
374 m/My, respectively, and at river mile 38, a 
speleogenctic gypsum crust yielded a U-series 
‘age of 0.15 Ma at $0 m above the river and an 
incision rate of <330 m/Myy 
Even though our interpretation assumes no 
structural or hydrologic complexitis, those com 
plexities could help to explain any apparent in- 
‘consistencies as data accumulate. However, itis 
likely that the structure and hydrology will not 
change the overall interpretation that the westem 
Grand Canyon is older than the eastern Grand 
Canyon, For instance, an explanation for the 
higher incision rate at site 1 (Bobeat Cave, Grand 
Wash Clifls) could be the presence of an elevated 
\water table north of the western Girand Canyon at 
7.6 Ma. Even without this interpretation, the 
highest western Grand Canyon incision rate from 
the Grand Wash Cliffs mammilay of 123 my My 
(site 1) is still fess than the slowest incision rate 
forthe eastem Grand Canyon (166 m/My, site 7; 
3 and fig, S3C), The fast incision rate at 
Bedrock Canyon (site 8) indicates that 300 m of 
incision occurred in Marble Canyon over the 
past | My, However, at river miles 7 (site 7) 
and 60 (79), incision rates are slower (~140 to 
230 nv/My). Structure, hydrology, or headward 
erosion history (ie., knick-point propagi 
from site 7 to site 8) might resolve these differ- 
‘ences when additional data are availabe. 
Overall, our data angue for an okler Grand 
‘Canyon that was modified in the te Miocene by 


a fully integrated Colorado River that accelerated 
the headward erosion of the easter Grand Canyon. 
We found that mammillary calcite is mot restricted 
to large caves in the Redwall and Muay lime- 
stones, but also occurs in small fissure-controlled 
‘eaves in other units such as the overlying Supai 
Formation. Hundreds of these deposits probably 
‘exist throughout the canyon, offering the poten- 
tial for a reconstruction of the canyon’s history 
With a resolution perhaps high enough to explain 
complexities of the canyon’s history related to 
faults, folds, and voksanic and tectonic activity 
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The Dust Halo of Saturn's Largest 


Icy Moon, Rhea 


G. H. Jones,*?" E. Roussos,* N. Krupp,? U. Beckmann,‘ A. J. Coates,” F. Crary,> 
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jis, 435 
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‘Saturn's moon Rhea had been considered massive enough to retain a thin, externally generated 


atmosphere capable of locally affecting Saturn's magnetosphere. The Cass 


spacecraft’s in situ 


observations reveal that energetic electrons are depleted in the moon's vicinity. The absence of a 
substantial exosphere implies that Rhea's magnetospheric interaction region, rather than being 
exclusively induced by sputtered gas and its products, likely contains solid material that can absorb 
magnetospheric particles. Combined observations from several instruments suggest that this 


material 


in the form of grains and boulders up to several decimetres in size and orbits Rhea as an 


‘equatorial debris disk. Within this disk may reside denser, discrete rings or arcs of material. 


1 26 November 2005, Cassini encoun- 
tered Rhca, the second largest of Satum's 
‘moons, at $00 km altitude, detecting in 
situ the anticipated (/, 2), approximately spheri- 
cal distribution of grains lofied from its surface 
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bby interplanetary dust impacts, Cassini passed 
downstream of Rhea with respect 10 the local 
magnetospheric flow (Fig. 1) and observed the 
anticipated wake caused by plasma striking the 
‘moon, together with an unpredicted depletion of 


cnergetic cketrons extending to ~8 Rhea radi 
(Ry) (Fig 2). The scale of the depletion indi 
that some material is absorbing electrons within 
the volume dominated by Rhea's. gravitational 
field: its Hill sphere, of radius 7.7 Ry. Voyager 
1 measurements in 1980 previously indicated a 
broadened depletion’s presence farther down- 
stream (3). A more distant Cassini flyby in Aue 
gust 2007 also showed evidence of a broad 
electron depletion (4), No such features have yet 
boon observed at Dione and Tethys, but energetic 
lectrons are absorbed by grains ejected from 
adus’s south pole (5), The signature's pro 
file indicates that the clectron-absorbing ma- 
terial has a near-symmetrical distribution about 
Rhea. No evidence was found by Cassini’s in- 
struments for the presence of large amounts of 
fieshly ionized was, which could theoretically 
scatter electrons. Neutral gas and dust popula- 
tionsare therefore the primary absorbing-medium 
candidates. 

As Cassini passed Rhea, its cosmic dust 
analyzer (CDA) (6) registered an increase in 
the impact rate of >1 jm particles (Fig. 3), 
signaling the predicted enyelopment of the moon 
(2) by dust ejected by micrometeoroids im- 
pacts. An impact-ejecta model (/) indicates a 


wwww.sciencemag.org 


preliminary interplanetary projectile flux of S 
10S ke ms! (4), liberating 
dust, corresponding to 7.2 * 10" panics s* 
larger than | wm. CDA and radio and plasma 
wave science instrument (RPWS) detected a dust 
distribution shaply peaked near closest ap 
proach, The magnetospheric imaging instrument 
(MIMI) ion and neutral camera (INCA) recorded 
a flatter distribution extending beyond the Hill 


30kg sof 


sphere, suggesting that it is most sensitive 10 
small nil consequently that smaller Rhea 
impact ejecta have higher velocities. Unlike the 
electron sign ir dust signal 
coincident with the Hill sphere boundary: The 
elvctron fluxes reflect the integrated effects of 
electrons’ traverses of an absorbing medium be- 
fore reaching Cassini's energetic electron detectors: 
most absorbing material is inferred to reside 
of Cassni’s put (‘). Fluves were slightly enhanced 
outbound in RPWS and MIMI-INCA data, when 
Cassini was nearest Rhea’s equatorial plane. 
is surrounding Rhea is liberated 
dust halo through dust 
particle sputtering 
(7). Upper limits in column density deduced 
using the ultraviolet spectrograph 
(UVIS) (8) are 1.5» 10" cm? for O and 16 
10! cm? for Op, Indep 
INCA upper limits (fig. $1) are 
assumed background ion flux; th 
for the same species are in the 
10! em? (see SOM text) 

The quantity of electron-absorbing material 
can be estimated by gauging electron path 


tures, there is no 


dently derived MIML 


16 to the 
‘upper lirits 
we of 10" to 
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lengths within the Hill sphere. Most <700 keV 
clecons observed by MIMI and the Cassini 
plasma spectrometer (CAPS) traverse the Hill, 
sphere several times north-south before detec- 
tion, bouncing along Saturn's convecting ma 

netic field lines (9), The reduced fluxes reflect the 
integrated effects of gas and dust upstream of 
Cassini's location ~200 km south of Rhca’s 
‘equatorial plane. We modeled the effect of an 
clectron-absorbing, spherically symmetric gas 
cloud required to produce the broad electron 
depletion. Implicd neut 
of ~10" em? ne 
‘ceeded the column density upper limits. We next 


5 column densities 


Rhea’s surface easily ex 


modeled a spherically symmetric dust halo, the 
densest possible based on CDA data, with 
number density falling off as an inverse power 


w with radial distance of -2.S and, 
of ~10 jum, Election number densities. were 
assumed to decrease by a ft when the 
n mass encountered equaled the electrons’ 
(20, 11), Coulomb collisions were 
There was no unique solution, but 
densities required were >2 onders 
magnitude higher than implied by CDA da 
The -25 density falloffis too steep to explain tl 
detectable depletion at the Hill sphere’s ede 
To explain the observations, the prese 

an addit absorbing obstacle is 
implied. An. the electron data indi 
that this obstack: is most likely in the form of 
ow optical depth disk of material near Rhea 
‘equatorial plane and that the disk contains solid 
bodies up 10 ~1 m in size (4), Dynamical studies 
show that such bodies could orbit persistently 
near the equatorial plane. The disk explains the 
electron signature and is consistent with in situ 
data south of the equatorial plane, because Cas 
sini did not traverse the plane itself. There have 
been no reports of remote observations of such 
disk, but it would not be easy to detect (4). A 


of 


unge inv 
excluded. 


Fig. 1. Geomety of the 
2005 flyby. Rhea is con- 
tinuously overtaken at 
~58 km 5 by cold Sa- 
tumian magnetospheric 
plasma (7) flowing inthe 
direction of the moon's 
orbital motion. Cassini's 
path through Rhea’s Hil 
sphere was downstream 
‘of the moon with respect 
to ths flow, entering at 
22:24:39 when 290 km 
south of the equatori- 
al plane and leaving at 
22:50:42 UT when 160m 
south. Spacecraft orien- 
tation was fited through- 


EPO 


weakly perceptible population of neutral yas and 
products coukd also be present, Neutral 
is primarily lost through ionization and sub- 
surements imply that there 
1zh not fully understood, 


sequent transport by the magnetospheric plas 


‘Several plasma n 
is a detectable, 


althox 
interaction between Satum’s magnetosphere and 
ficshly ionized matcrial around Rhea, at the 
scales of the moon's Hill sphere (Fig. 2). As 


re, electron num 
ber densities increased slightly at ~222S UT, 
near the inbound boundary, but a similar out 
identify. Bulk ve- 
ced fiom the thermal pkasia ion data 
Fig. 2E were below corotation within 
the Hill sphere and displayed a <10° anti 
‘Saturnward flow deviation inbound, 

Several short-duration dips in MIMI low 
fenengy magnetospheric measurement. system 
(LEMMS) electron flux are also evident, lasting 
a few seconds each, or tens of km along the 
spacecraft track, and are nearly symmetrical about 
Rha (Fig. 4). No plasma-related cause for these 
ron dips has been idemified, They are 
ed to be clectron ph 
Which usually result from a two 
as may occur in the wakes of absorbing bodies 
(72), Such structures are typically t 
tens of milliseconds as opposed to several sec 
conds. The dips are, however, consistent with ad: 
ditional obstacles residing upstream or directly 
north of Cassini in Rhea's equatorial plane, that 
tons before detec 


‘cause the occultation of eb 
tion at Cassini, The broadening of the dips with 
increasing electron enengy (fig. S8)is as expected 
for an obstacle to electrons; the widening reflects 

1s" anger gyroradi and slower convection 
through the Hill sphere at higher energies, and 
hence more prolonged absorption, The simplest 
explanation of these near-symmetrical features is 
that extended arcs or rings of material orbit Rhea 


‘out. Closest approach to the 1529-km-diameter moon’s leading hemisphere occurred 228 km south of the 
‘equatorial plane, when Cassini was 1244 km downstream of Rhea’s center. Points along the trajectory are 
separated by 5 min. The Cartesian coordinate system shown, displaced here and in other figures for clarity 
from its origin at Rhea’s center, has components along Rhea’s orbital motion vector (X), Saturnward (Y), 


and perpendicular to Rhea’s orbital plane () 
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ts equatorial plane, with orbital radii of ~1610, 
~1800, and ~2020 km. The slight asyrametry in 
dip positions may be caused by a modest tilt to 
the local magnetic field. 

‘The dips may instead represent the cumu- 
lative effect of material upstream of Cassini: 
Saturn's corotational plasma flows across. the 
rings, rather than parallel to them as oceurs 
Satum itself. The dips may therefore occur 


Fig. 2. Data returned during the flyby. (A) Rhes 
‘and its Hill sphere to the same scale as the other 
nels, The general directions of the local magnetic 
{Bland cortatonal elecric Il flds are shown, 
together with the initial gyromotion of a freshly 
‘created pickup ion, i*, Prominent in almost al data 
sets is Rhea’ infiling wake (22:35:30 to 22:39:40 
UD) (B) MIAMI (19) LEMMS 20 to 32 keV and 187 to 
330 keV. keV electron fluxes at pitch angles ~10°. 
(© CAPS (20), electron spectrometer (ELS) 26 keV 
electron fluxes at pitch angles of ~90°. (D) CAPS- 
ELS electron fluxes. (E) CAPS ion mass spectrometer 
(IM) ion spectrogram (all anodes), showing gyro- 
radius effects in Rhea's wake. (F) Total electron 
number density from RPWS (22) upper hybrid 
frequency values, (G) Components and (H) mag- 
netic field magnitude from Cassini's magnetometer 
(22, 23), Magnetic field variations appear consist- 
‘ent with Rhea being plasma-absorbing: The evac- 
uated wake’s field strength fs enhanced to maintain 
‘constant total particle plus magnetic pressure. The 
magnetic field wave power decreases. somewhat 
within the Hill sphere, probably due to charged 
particle loss causing decreased plasma fi; otherwise, 
no direct magnetic field perturbations are convinc- 
ingly evident on the Hill sphere’s scale. Cassini's 
flyby trajectory, almost confined to the interaction 
region's equatorial symmetry plane, where field 
fotations are minimized, and almost transverse to 
the north-south symmetry plane, makes a decisive 
interpretation of the magnetic signature dificult. 


7 MARCH 2008 VOL 319 SCIENCE 


downstream of local maxima in ring column 
density presented to the corotating plasma, that 
is, the ansoe, where narrow rings” tangents di- 
rectly upstream of Cassini are parallel 1 the flow, 
For this soerario, assuming perfectly circular rings, 
‘common plasma flow deviations (5) could explain 
the slight asymmetry in the dips’ locations, A 
funher complication of both ring interpretations 
is the observed electrons’ multiple traverses of 


the Hill sphere before detection. If an integer 
‘number of electron half bounce-lengths separates 
Cassini from a single ring, multiple “ghost” dips 
‘may form through occasional constructive inter 
ference of weaker depletions. Dust lofted by 
plasma-induced charging of Rhea’s regolith (13) 
‘would have been a candidate nonring obstacle, 
‘specially as near-zero grain potentials at Rhea 
(4) may make its surface particularly sensitive 10 
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sich processes. However, several discrete sheets 
of grains as implied by multiple dips cannot be 
casily explained. 

‘Numerical simulations imply that bodies that 
are subject only to minor perturbations by non- 
gravitational forces could orbit Rhea stably tor 
Jong periods (15), Impacts on Rhea lange enough 
to result in the orbit of ejecta material may have 
‘occurred as recently as 70 million years ago (16), 
Disruptive capture of a minor boxy is also pos- 
sible. In these cases, some debris could have 
od in orbits that fattened and circular- 
ized over time. Clumps of Rhea-orbiting ma- 
terial could maintain this disk, and bombardment 
bby E-ring debris and extra-Satumian grains 


3. In situ dust obsenations. 
A) Comparison of recalibrated 
‘and dead timecorreced >1um 
CDA data to a modeled fsotropic 
impactorejecta number density 
(2). Two other instruments pro- 
vide in situ dust data: RPWS (27) 


IMIMINCA (19) records. dust- 
induced discharges between its col- 
limating plates. (B) The RPWS 
dust flux, estimated to respond 
to particles >-3 yim. (C) MIME 
INCA high-voltage current. Al- 


though ultraviolet ight may cause would also release ejecta into near-cireular or- 
‘spurious signals in the INCA data bits. Isolated clumps or moonlets could also 
set, dust impacts are believed to explain the material's gravitational containment 
dominate, in diserete rings or ares, Given their orbital sta- 


bility, rings may even have survived since Rhea’s 


firmation. 
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TOPLESS Mediates Auxin-Dependent 
Transcriptional Repression During 
Arabidopsis Embryogenesis 


Heidi Szemenyei,™* Mike Hannon,” Jeff A. Long** 


The transcriptional response to auxin is critical for root and vascular development during 
Arabidopsis embryogenesis. Auxin induces the degradation of AUXIN/INDOLE-3-ACETIC ACID 
(AUX/IAA) transcriptional repressors, freeing their binding partners, the AUXIN RESPONSE FACTOR 
(ARF) proteins, which can activate transcription of auxin response genes. We show that TOPLESS 
(TPL can physically interact with 1AA12/BODENLOS (IAA12/BDU through an ETHYLENE RESPONSE 
FACTOR (ERF)-associated amphiphilic repression (EAR) motif. TPL can repress transcription in vivo 
and is required for 1AA12/BDL repressive activity. In addition, fpl-1 can suppress the patterning 
defects of the bal-1 mutant. Direct interaction between TPL and ARFS/MONOPTEROS, which is 
regulated by IAALZ/BDL, results in a loss-of-function a”f5/mp phenotype. These observations show 
that TPL is a transcriptional co-repressor and further our understanding of how auxin regulates 


transcription during plant development. 


he phytohormone auxin has been impli- 
| cated in many aspects of plant biology, 
including pattern formation during em- 
bryogenesis, lateral organ development, and cell 
expansion (1), Auxin mediates these activities 
through a signaling eascade involving AUXIN 
RESPONSE FACTORS (ARF), which consti 
tute a family of transcription factors that activate 
‘orrepress expression of auxin response genes(2), 
and the AUX/IAA family of transcriptional re- 
pressors (3). AUNIAAS negatively reyulate aunin- 
mediated transcription by binding ARFs through 
‘conserved domains I and TV found in both types 
‘of proteins (4,5). 

Domain I of AUX/IAAS interacts. with 
the auxin recepior TRANSPORT INHIBITOR 
RESISTANT (TIR1), part of a Skp! culin/F-box 
protein (SCF) complex (6-8). Auxin stabilizes 
this interaction, leading to the degradation of 
AUN/IAAs and allowing ARFs to activate tran- 
scription. Mutations in AUN/LAAS that disrupt 
the interaction with the TIRE protein family 
abolish their ausin-induced degradation (¥). For 
‘example, bodenlas-I (bile! contains a stabilizing 
mutation (P74S, substitution of proline 74 with 
serine) in 44/2 (9), IAAL2BDL physically in- 
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teniets with AUXIN RESPONSE FACTORS 
MONOPTEROS (ARFSMP) axl represses its 
sctivity (9). Consistent with this, both Axl mu 
tants and loss-of-function ARES/MP alleles aise 
play reduced vasculiture and form a “basal pe 
instead of a wot and hypocotyl (the scedling 
stem) (10-12). 

Although no prior connection has been made 
to ain signaling, the most severe fopdess-1 ipl) 
Phenotype, a homeotic transformation of the 
apical pole (the shoot) into a sccond basal pole 
Whe root), suggests that it plays a roke in this 
pathway (73). pl is temperature sensitive and 
displays a range of phenotypes, all disrupting the 
patterning of the apical half of the embryo, The 
{pl mutation isa histidine substitution at aspar- 
‘gine 176 (NI76H), and this alee acts asa domi- 
‘ant negative for the TOPLESS RELATED (TPR) 
family (4). On the basis ofits domain structure 
and genetic interactions with a histone deacetylase 
and a histone acetyl transferase, TPL has been 
Proposed to be a transcriptional co-repressor (/4). 

Transcriptional co-repressors do not bind 
DNA directly, but are reenuited to DNA through 
interactions with DNA-binding transcription fac- 
tors (/5), Determining a co-repressor’s binding 
partners can provide insight into its biological 
relevance. Therefore, we performed yeast 1Wo- 
hybrid sereens to find protein interactors using 
full-length TPL or the N terminus of TPL (Fig. 
1A). Multiple AUXIAAS, including IAAI2 
BDL, were among the positive clones in bot 
sereens (table $2). IAA12/BDL contains the four 


conserved domains found in most AUX/IAAS 
(domains I 10 IV) (Fig, 1). Through trunca- 
tion analyses, we determined that domain | of 
IAAI2BDL is necessary and sulicient to inter- 
act with the C-terminal to lissencephaly homolo- 
89 (CTLH) domain of TPL (6) Fig. 1, B and C), 

Domain f ofthe AUN/IAAS contains an ERF- 
associated! amphiphilic repression (EAR) motif 
(27), which is known to be involved in tran- 
scriptional repression (/§), To determine if this 
‘motif is essential forthe interaction with TPL, we 
tested an AALYBDL construct in which three 
Jecucines at the core of the EAR domain were 
hanged 10 alanines (AALYBDL mEAR) (Fig, 
1A), These changes to the EAR domain severe- 
ly weakened the interaction between TPL. and 
IAA12BDL both in yeast two-hybrid assays (Fig. 
1C)and assays in which glutathione S-transferase 
(GST) tagged in vitro-translated products were 
twsed (Fig. ID). 

We also tested the interaction between 
IAALYBDL and TPL using plant lysttes. We 
found that column-bound GSTIAAI2/BDL and 
GST-N-TPL could affinity purify TPL fused to a 
6% hemagglutinin tag (TPL-HA) from plant 
extracts (Fig. 1E), whereas purified GST orbeads 
‘alone could not, further indicating that ‘TPL 
interacts with [AAI2/BDL. These results also 
demonstrate that TPL can homodimerize, a 
characteristic shared with other transcriptional co- 
rpressors (79). GSTN-TPL NI76H could also 
pull down BDL P74S-green fluorescent protcin 
(GFP) from plant lysates (Fig. 1F), Mutations in 
the EAR domain of GSEIAAI2/BDL disrupted 
the interaction with TPL (Fig. 1E). These inter- 
actions were also observed in a tobacco transient 
expression system (20) by means of bimolecu- 
lar fMuorescence complementation (BIFC) (21) 
(fig. $2), 

‘To investigate the biological significance of 
these physical interactions, we analyzed ipl Pxl- 
double mutants, bdl-1 seedlings form a basal 
pee (Fig. 2C), lacking hypocotyl and ot struc- 
tures of wild-type seedlings (Fi 
{pl-l roots appear normal (Fig, 2B). ¢pl-Nbll-l 
seedlings formed hypocotyls and roots (Fig. 2D 
and table $3) indicatin 
the basal patiering dete 
mutants also display a reduction in cotyledon 
(seed leaf) vasculature development (Fig. 2G), 
Wikbtype and spl-l cotyledons develop a pri- 
mary midvein with Joops of lateral veins along 
the manzins (Fig. 2, E and F). In Adl-/, these 
veins are either absent or severely reduced (11 = 
70) (Fig. 2G) (10), Vasculature formation was 
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restored in the cotyledons of ppl-/bdl-I seedlings, 
although lateral veins offen did not form loops 
(n= 30) (Fig. 2H), Therefore, spe] can suppress 
defects in both the apical and basal halves of 
ble? seedlings. 


Fig. 2. interactions be. 
tween TPLand WALZBDL. 
(A) Diagrams of TPL and 
IAAL2/BDL constructs for 
interaction studies, Core 
residues of the EAR do- 
main of IAAL/BDL are 


VAA12B0L 


IAAI2B0L) 


represent CTLH domains, 
blue boxes represent 
protine-ich regions, and 
green boxes represent 
‘WD40 repeats of TPL. 
(B) TPL interacts with do- 


main | of IAAL2/BDL in 
yeast. Interaction does 
fot occur when domain 1 
is truncated. (C) TPL and 
IAALZ/BDL interact much 
less strongly when the 
EAR domain is mutated 
(AAL2/BDL MEAR) com- 
pared to the wild type. 
TAAL2/BDL does not in- 


ou arittaaenaaal 
waaizeovanutiv “Spence 
ear Woe 


We then examined these genetic interactions 
during embryogenesis. In wild-type embryos, the 
hypophysis (the uppermost cell of the ext 
embryonic suspensor) divides asymmetrically, 
in a lens-shaped cell (Fig. 21) that 


OTT 


teract with TPL without the CTLH domain. AD, activation domain; DB, DNA binding domain. (D) The GST- 
N-TPL fusion protein can interact with in vitro-translated 1AA12-HA, but does not interact strongly with 
IAAL2/BDL mEAR,(E) Interaction results of extracts from nontransgenic or transgenic plants expressing 
TPLHA with ether beads alone or bound GST fusion proteins. LER indates wildtype Landsberg erecta 
extracts. (F) GST-N-TPL N176H pulldown assay from nontransgenic or transgenic plants expressing BDL 
P74S-GFP, (See supplementary fig. 1, A and B, for loading controls) 


Fig. 2. tpl suppresses 
(A to D) Seed- 
4 days postgermi- 
nation (dpg). Wild type 
%, tpl-t (), bal-1 (O, 
and bdl-Itpl-1 (0). (Eto 
H) Cleared cotyledons 
(4 dg). Wild type (8), 
tpl-t (F), bde-t (G), and 
bdt-ttpl-t (HW), (1 to D 
Transition-stage embryos. 
Wild type (0, tpl), 
bbdt-1 (K), and bdl-1p-1 
(MW, Lens shaped cell and, 
derivatives are outlined. 
(M to P) DRS peg GFP- 
expressing embryos, Wid 
type WM), tpl (ND, bdl-2 
(O), and bd-ttpe-1 (P). 
Scale bats: A to D) 0.5 
mmm; (€ to H) mm. 
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will form the quiescent center of the root meri- 
stem. These cells express the synthetic auxin 
response reporter DR Sy: GFP (Fig. 2M) (4,22), 
which is comelated with the accumulation of 
hhigh auxin concentrations and is dependent on 
MP activity (22, 23), spl embryos (Fig, 2))a 
generate a lens-shaped cell and display a wild- 
type DRS _q:GEP expression pattern (Fig. 2N), 
‘ale embryos, in which the hypophysis divides 
abnormally, lack the lens-shaped cell (Fig. 2K), 
and DRS,.:°GFP expression is not detectable in 
hypophyseal cell derivatives (n= $0) (Fig. 20) 
(10, 23), splelbdl-1 embryos, the lens-shaped 
cell is restored (Fig. 2L), and DRSpey:2GFP 
expression is again detected in the developing 
embryonic root (n ~ $5) (Fig, 2P). This rescue, 
combined with the interaction of TPL and the 
EAR domain of IAAI2/BDL, suggests that TPL 
is invohed in IAAL2/BDL-mediated transerip- 
tional repression, Therefore, we hypothesized 
that in the ofl background, [AA12/BDL eannot 
fully repress transcription ofits target genes. 

To test this hypothesis, we used a UAS! 
GAL¢-hased transcriptional repression assay in 
planta (Fig. 3A) (24), Plants expressing TPL- 
GAL4 and IAAI2/BDL P7AS-GALS fusions 
displayed a decrease in -glucoronidase (GUS) 
activity in a wild-type background compared to 
the control line (Fig, 3B) (74,6 > 1.2% and 76,7 
6.9% of the control, respectively), Their repre 
sentative staining pattems are shown in Fig. 3, C 
10 F, The ability of INAI2/BDL P74S-GALS to 
repress transcription was diminished in the ypl-l 
background (Fig. 3, B and E), These data show 
that TPL can repress transcription and suggest the 
role of TPL as a transcriptional eo-repressor in 
AUX/IAA-regulated transcriptional repression 

Single and multiple loss-offunetion avai 
mutants are reported to have subtle oF no 
discemible phenotypes (25), However, we hy= 
pothesized that further loss of AUNIAA function 
might enhance the spl phenotype, Therefore, 
we examined the effect of a transferred DNA 
(T-DNA) insertion allele (Salk_ 138684) (26) of 
JAALYBDL on ipl-1. This allele of 1AA12/BDL 
has no obvious phenoty ipll exhibits 
a range of phenotypes when grown at 21°C (/3), 
her frequency of severe seadling phenotypes 
was seen in the doube-mutant background versus 
Ipl-I alone when grown at 21°C (table S1), 
suggesting that decreased AUN/IAA. function 
‘contributes to the yp/-l phenotype. 

AUNIIAAS are proposed to bind ARFs and 
inhibit transcription of ARF tanget genes, Because 
IAALYBDL binds ARFS/MP and also interacts 
with TPL, we reasoned that these three proteins 
act in a complex. We examinad this possibility 
using BiFC (2/) in a tobacco transient expression 
system (20), Although we observed no direct 
interaction between either TPL or TPL N176H 
and ARFS/MP (Fig. 4A and fig. S21), interaction 
was observed upon coexpression of stabilized 
IAAIZBDL (Fig. 4, B and C), This suggests that 
these proteins can exist in a complex and that 
IAALY/BDL represses ARFSIMP by recruiting 
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TPL. It also shows that TPL NI76H does not 
istupt this complex 

‘To determine if the EAR domain of IAA12 
BDL allows IAAI2/BDL to bridge TPL and 
ARFSMP, we generated a chimeric protein 
containing domains Il and 1V of INALY/BDL 
fused to the C terminus of TPL. This fusion 
protein should enable TPL to directly interact 
\with ARFS/MP without requiring the EAR motif 
and should be unaflected by auxin duc to the 
absence of domain IL. First, we confined this 
teraction in a yeast two-hybrid assay (Hig. S3), 
and then expressed this construct in plants under 
the control of the [AA12/BDL promoter. in 1S 


2xUASICUP::GUS 
Ropr 


ICUP:AA12 P74S-GALADB 


Ww a5 
TPL: eT 


a ———a 


independent transgenic lines, we observed phe- 
notypes similar to those of ful: and arfSimp 
loss-of-function mutants Fig. 4, Dto F). 

In light of these result, we propose a model 
in which TPL is a transcriptional co-repressor 
invohed in the repression of auxin response 
genes through its physical interaction with the 
EAR domain of JAAL2/BDL (Fig. 4G), and that 
this process is defective in 1, resulting in the 
derepression of auxin response genes (Fig. 4H), 
(Our results are also consistent with a report that 
application ofa histone deacety ase inhibitor can 
suppress the lateral root defects seen in the 
stabilized iaal4Solitary-root mutant (2 


H 


Fig. 3. TPL can repress transcription and affects the ability of {AA12/BDL to repress. (A) Diagram of 


constructs analyzed in repressor assay. (B) 


lucuronidase (GUS) activity measured by MUG assay 


(4-methylumbilleferyl glucuronide breakdown into 4-methylumbillferone) of two independent transgenic 
repressor lines (dark blue/tight blue). Experiment was done in duplicate. Repressor activity is relative to 
[MUG activity of the reporter in wild-type Ler, where error bars show standard error of the mean. (C to F) 
‘GUS staining patterns in plants expressing reporter only (C), (CUPp::BDL P74S-GAL4DB and reporter in a 
wild-type background (O), (CUPp:;BDL P74S-GALADB and reporter inthe tpl-1 background (E), and TPLp=TPL- 
GALADB and reporter in a wild-type Ler background (F. 


Fig. 4. TPL functions to repress auxin 
response through its physical interaction 
with IAALZ/BDL. (A to ©) Bimolecular flu- 
‘orescence complementation studies in to- 
bacco, Tobacco transformed with TPL-SPYCE 
and ARFS/MP-SPYNE (A); BDL P74S, TPL- 
SPYCE, and ARFSIMP-SPYNE (B); or BDL 
745, TPL NI76H-SPYCE, and ARFS/MP- 
SPYNE (C). (D to F) Phenotypes of trans- 
‘genic plants expressing the TPL-IAA12/BDL 
Iv fusion construct. Seedling lacking 
Toot (D); seedling lacking root and hypo- 
cotyl (B; seediing consisting of single 
cotyledon with no hypocotyl or root (F). 
(G) Model of TPL-mediated transcriptional 
repression of auxin response genes. (H) 
Schematic of derepression of auxin re- 
‘sponse genes in the tpl-1 context. 
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‘The coupling of TPL to ARFS through AUX’ 
TAs provides the plant an elegant mechanism to 
control ARF transcriptional activity in an auxin- 
dependent manner. It will be key to determine 
if all AUX/IAA proteins use TPL in this manner, 
It will also be of interest to determine if other 
EAR domain-containing transcription fictors 
use TPL to facilitate their transcriptional repres- 
sion activity in Arabidopsis as well as in other 


plant speci 
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De Novo Computational Design of 
Retro-Aldol Enzymes 


Lin Jiang,” Eric A. Althoff,?* Fernando R. Clemente, * Lindsey Doyle,* Daniela Réthlisberger,> 
‘Alexandre Zanghellini,*? Jasmine L Gallaher,” Jamie L. Betker,? Fujie Tanaka, ° Carlos F. Barbas IIL 
Donald Hilvert,” Kendall N. Houk,* Barry L. Stoddard,® David Baker? 


The creation of enzymes capable of catalyzing any desired chemical reaction is a grand challenge 
for computational protein design. Using new algorithms that rely on hashing techniques to construct 
active sites for multistep reactions, we designed retro-aldolases that use four different catalytic 
motifs to catalyze the breaking of a carbon-carbon bond in a nonnatural substrate. Of the 72 designs 
that were experimentally characterized, 32, spanning a range of protein folds, had detectable retro- 
aldolase activity. Designs that used an explicit water molecule to mediate proton shuffling were 
significantly more successful, with rate accelerations of up to four orders of magnitude and multiple 


REPORTS [ 


strate forms a carbinolamine intermediate, which 
climinates water molecule to form the imine’ 
iminium species. Next, carbon-carbon bond 
cleavage is triggered by the deprotonation of the 
alcohol, with the iminium acting as an electron 
sink. Finally, the enamine tutomerizes to an imine 
that is then hydrolyaed w release the covalently 
bound product and fiee the enzyme for another 
round of catalysis. 


The second step of 
idemtification of pro 
‘commodate the designed TS ensemble described 


above, To account for the multistep reaction path= 
way, we extended our enzyme design meth- 
odology (/5) to allow the design of composite 


turnovers, than those involving charged side-chain networks. The atomic accuracy of the design 
process was confirmed by the x-ray crystal structure of active designs embedded in two protein 
scaffolds, both of which were nearly superimposable on the design model. 


zymes are excellent catalysts, and the 
Eis to design new active enzymes 
feouk! have applications in drug produc 
tion (7), green chemistry (2), and bioremediation 


‘of xenobiotic pollutants (3), To date, most en- 
zyme design efforts have used selection method- 
Cologies to retrieve very rare active catalysts from 


Jange libraries of candidate protein variants (4-7) 
Recent adv onal protein de- 
‘sign have made it possible to design new pro- 
tein folds (8) and binding interactions (% and 
have opened the door to the possibility of com- 
Putationally designing enzymatic catalysts for 
any chemical reaction, Despite recent progress 
(10, 11), creating enzymes for chemical trans- 
formations not efficiently catalyzed by naturally 
‘occurring enizymes remains a major challenge, 
Here, we describe (i) general computational 
methods for constructing active sites fir multi- 
step reactions consisting of superimposed reac- 
tion intermediates and transition states (TS) 
surrounded by protein functional groups in ori- 
ntations optimal for catalysis (Fig, 1) and (ii) 
the use of this methodology to design novel 
catalysts for a retro-aldol reaction in which a 
carhon-carbon bond is broken in a nonnatural 
(i.e. not Found in biological systems) substrate: 
4-hydroxy--(G-methoxy-2-naphthy!)2-butanone 
(Fig, 2A) (12). 
The first step in the computational desi 
an enzyme is to define one or more potent 
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TS sites that are simultaneously compatible 
with multiple TS and reaction intermediates 
(/6). Using this method, we generated de 
models using the four catalytic motifs sh 
schematically in Fig. 2C, which apply different 
constellations of catalytic residues 10 facilitate 
ccarbinolamine formation and water elimination, 
carbon-carbon bond cleavage, and release of 
bound product. 

Because the probability of accu 
structing a given three-dimensional (3D) 
n scaflokd is extremely sma 


lytic mechanisms for the desired reaction 
For the retro-aKdolase reaction, we focused on 
mechanisms involving enamine catalysis. by 
lysine via a Schiff base or imine intermediate 
(13, 14), Asshown in simplified form in Fig. 2B, 
€ reaction proceeds in several distinct steps, 
involving acid-base catalysis by either amino 
acid side chains or water molecules. First, nucleo- 
philic attack of lysine on the ketone of the sub- 


Fig. 1. Computational enzyme de- 4 c 

‘sign protocol for a multistep reac- 

tion, The first step is to generate ger epoemtoreie | Select Moray of 
ensembles of models ofeach of the preiia fection gro ea eoa 
key intermediates and transition I r 
states in the reaction pathway in Cana pa 

‘the context of a specific catalytic compen eee 


motif composed of protein func: 
tional groups. These models are 
then superimposed, based on the 


dentiyseafeld positions allowing construction of active site 


protein functional group pesitions, 

to create an initial composite active- ————— 
site description. Large ensembles of Optimize composite TS and catalytic sde-chainconformathons 
distinct 3D realization of these com- I 

posite active sites are then gen- este ncihborig pion for high ity TS binding 
erated by simultaneously varying the I 

degrees of freedom of the composite ne LT 

1S, xetaon of the ea " 

side chains relative tothe composite 

15, and the iesnal conformation of ‘Kank hase on binding energy and catayte geometry 
the catalytic side chains. For each Be 

composite active-site description, Experimentally characterize top ranking designs 


candidate catalytic sites are gen- 
erated in an input scaffold set by RosettaMatch (25). Briefly, each rotamer of each catalytic side chain is 
placed at each position in each scaffold, and the ensuing position of the composite TS is recorded in the 
hash. After the filing out of the hash table, which is linear in the numbers of scaffold positions and 
‘catalytic rotamers, the hash is searched for TS positions that are compatible with all catalytic constraints; 
‘such positions are termed “matches.” For each match, the rigid body orientation of the composite TS and 
the internal coordinates of the catalytic side chains are optimized to reduce steric clashes while 
maintaining the catalytic geometry within specified tolerances. The remaining postions (not included in 
the minimal catalytic site description) surrounding the docked composite TS model are redesigned to 
‘optimize TS binding affinity by means of the standard Rosetta design methodology (20, 22). The rigid 
body orientation of the composite TS, the side-chain torsion angles, and (in some cases) the backbone 
torsion angles in the active site are refined via quasi-Newton optimization (22). The resulting designs are 
ranked based on the total binding energy tothe compesite TS and the satisfaction ofthe specified catalytic 
‘Geometry, and then the top-ranked designs are experimentally characterized. The SOM contains detailed 
descriptions of each step in the protocol. 
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site possibilities. We generated such a set by 
imultancously varying (i) the internal degrees 
of freedom of the composite TS (fig. SB). (i) 
the orientation ofthe eatalytie side chains with 
respect to the composite TS (fig. $3), within 
ranges that are consistent with catalysis, and 


A 


{Gi the conformations of the catalytic side chains 
(fig. $3). For example, in a representative cal- 
culation for motif II, we searched for placements, 
‘ofa total 1.4 = 10™ possible 3D active sites (table 
$33) at all triples or quadruples of backbone po- 
sitions surrounding binding pockets in 71 different 


a ae 


Fig. 2. Retro-aldol reaction and active-site motifs. (A) The retro-aldol reaction. (B) General description of 
the aldol reaction pathway with a nucteophitic lysine and general acid-base chemistry. Several of the 
proton transfer steps are left out for brevity. (C) Acive-site motifs with quantum mechanically optimized 
structures (23), (Top left) Motif I Two lysines are positioned nearby one another to lower the pK of the 
nucleophilic lysine, and a Lys-Asp dyad acts as the base to deprotonate the hydroxyl group. (Bottom left) 
‘Motif II, The catalytic lysine is buried in a hydrophobic environment to lower its pK, to make it a more 
Potent nucleophile, and a tyrosine functions as a general acid or base. HB, hydrogen-bond. (Top right) 
‘Motif Il The catalytic lysine, analogous to motif I, is placed in a hydrophobic pocket to alter its pk, and a 
His-Asp dyad serves as a general base similar to the catalytic unit commonly observed in the serine 
proteases (24). (Bottom right) Motif IV. The catalytic lysine is again positioned in a hydrophobic envi- 
Toriment. Additionally, an explicitly modeled bound water molecule is placed such tha it forms a hydrogen 
bond with the carbinolamine hydroxyl during its formation, aids in the water elimination step, and 
deprotonates the {alcohol atthe carbon-carbon bond-breaking step. A hydrogen-bond donoriacepto, 
such as Ser, Thr, of Tyr, is placed to position the water molecule in a tetrahedral geometry with the 
Bralcohol and the carbinolamine hydroxyl. The proton-abstracting ability of the water molecule is 
‘enhanced by a second hydrogen bond with a base residue. We incorporated, where possible, additional 
hydrogen-bonding interactions to stabilize the carbinolamine hydroxyl group and an aromatic side chain 
to optimally pack along the planar aromatic moiety of the substrate. 
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protein scaffolds (table S4). This combinatorial 
‘matching resulted in a total of 181,555 distinct 
solutions for the placement of the composite TS 
and the surrounding catalytic residues. Through 
extensive pruning at multiple levels, and by 
breaking the combinatoric explosion via hash- 
ing, the RosettaMatch algorithm (15) is able to 
rapidly eliminate most active-site possibilities 
in a given scaffold that are unfavorable as a 
result of poor catalytic geometry or si 
steric clashes with very little comput 
cost. After optimization of the compo: 
rigid body orientation and the identities and 
conformations of the surroundit 
total of 72 designs with 8 to 20 
identity changes in 10 different 


affolds were 
selected for experimental characterization 


based on the predicted TS binding energy, the 
extent of satisfaction of the catalytic geometry, 
the packing around the active lysine, and the 
consistency of side-chain conformation after 
side-chain repacking in the presence and ab- 
sence of the TS model (/6), Genes encoding the 
designs were synthesized and the proteins w 
expressed and purified from Escherichia co 
soluble purified protcin was obtained for 70 of 


the 72 expressed designs, 

Retrmaldokse activity was monitored via a 
fluorescence-hased assty of product formation 
(72) for cach of the designs, and the results are 


summarized in Table 1. Ourinitial 12 designs used 


the first active site shown in Fig, 2C, which 
involves a changed side-chain (Lys-Asp-Lys) 
mediated proton transfer scheme resembling 
that in. D-2-deoxyribose-S-phosphate aldolase 
(1). OF these designs, two showed slow enami- 
‘none formation with 2.4-pentandione (/7), which 
is indicative of a nucleophilic lysine, but none 
displayed retrosaldolase activity (76). ‘Ten de- 
signs were made for the second, much simpler 
active site shown in Fig, 2C, which involves a 
single imine-forming lysine in a hydrophobic 
pocket similar to aldolase catalytic antibodies: of 
these designs, one formed the enaminone, but 
hone were catalytically active. The thind active 
site incorporates a HissAsp dyad as a general 
base to abstract a proton from the fralcohok, of 
the 14 designs tested, 10 exhibited sable enaminone 
formation, and 8 had detectable retroaldolase 
activity. In the final active site, we experimented 
with the explicit modeling of a water molecule, 
positioned via side-chain hydrogen-bonding 
‘groups, Which shuttles between stabilizing the 
ccarbinolamine and abstracting the proton. from 
the hydroxyl. OF the 36 designs tested, 20 formed. 
the enaminone and 23 (with 11 distinet positions 
for the catalytic lysine) had significant retro- 
aldolase activity, with rate enhancements up 10 
four orders of magnitude over the uncatalyzed 
reaction (/8). 

The active designs occur on five different 
protein scaffolds belonging to the triese phos- 
‘phate isomerase (TIM) barre and jelly-roll folds, 
‘The most active designs exhibited multiple turn- 
‘over Kinetics: the linear progress eurves for de- 
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RAGO and RAGI, for example, continue 
for more than 20 tumovers. Progress 
3A and supporting onine material 
(SOM)] show a range of kinetic behaviors: In 
some eases (RAS), there is a pronounced lag 
phase, likely associated with slow imine forma 
tion, whereas in others (RAG), there is Fitter 
no la, and for third set, there isan initial burst 
followed by a slower steady-state rate (RA22), 
Notably, simple linear kinetics are observed for 
the designs in the relatively open jelly-roll seat 
fold, whereas more complex kinetics ane ob- 
served for the TIM-barrel designs, which have 
more enclosed activesite pockets that may: re- 
strict substrate access and product release, To 
obtain hea and Kyq estimates for several of the 
best enzymes (Fig. 3B), we extracted reaction 
velocities fiom the steady-state portions of the 


progress curves and assumed simple Michaelis- 
Menten kinetics. Given the simplifications, these 
Values are best viewed as phenomenological; 
future characterization will be required to de- 
fine rate constants in a particular kinetic model 
The apparent fea annd Kyq values are given in 
Table 2: Kugcar Was determined fom measure- 
ments of the reaction progression in the absence 
‘of enzyme and is close to previously determined 
values (18). ka/kurea for the most active designs 
is 2. 10%, The catalytic proficiency of the ds- 
signs is far from that of naturally occurring en- 
zymes, which have a kea/Kyy of about | M? 
(Table 2); the very low hex value is probably as- 
sociated with low rcactivity of the imine-forming 
lysine. Rates forall active designs with 270 wM 
substrate are reported in table S1. For each of 
the 11 catalytic Lysine positions, a “knockout” mu- 


Table 1. Enaminone formation and enzyme activity for different active-site motifs. NC, not 


considered. 
out talytic lysine Carbinolamine Proton Number Number Number page 
environment stabilization abstraction tested "mind esigns enhancement 
f Polar NC LysAsp dyad 12 2 0 <4 
Hydrophobic NC ye 9 1 o <4 
a Hydrophobic H-bond —His-Asp dyad 13. 10 10 107~10* 
acceptoridonor 
1 Hydrophobic Water, H-bond Water 38 20 22 10°-10* 
acceptor 
A Bp Mies 


[Product] / [Enzyme] 


1000 


1500 


REPORTS. [ 


tation to methionine dramatically decreased the 
activity of, more commonly, abolished catalysis 
completely, verifying that the observed activity 
was due to the designad active site. 

Design models for several of the most ac- 
tive designs with catalytic motif TV are shown in 
Fig. 4, A to C. Design RAGO (Fig. 4) is on a 
jelly-roll scaffold, and RAS (Fig. 4C) and RAS 
(Fig, 48) acon TIM-barel scaffold. The imine 
forming lysine, the hydrogen-bonding residues 
coordinating the bridging water molecules, and 
the designed hydrophobic pocket (which binds 
the aromatic portion of the substrate) are clearly 
«evident in all three designs. 

To evaluate the accuracy of the design models, 
wwe sohed the structures of two of the designs by 
aray crystallography (Fig. 4, D and E), The 2.2. 
resolution structure ofthe Ser» Ala"? (S210) 
Variant of RA22 (Fig. 4D) (19) shows that the 
designed catalytic residues Lys!*, His?™?, and 
Asp® superimpose well on the original de 
model, and the remainder of the active site is 
nearly identical to the design. The 1.9 A rexo- 
lution structure of the MA8K. variant of RAG 
likewise reveals an active site very close to that of 
the design model, with only His*® and Trp! in 
alternative rotamer conformations, perhaps re- 
sulting from the absence of substrate in the erys- 
tal structure (Fig, 4E). Both crystal structures 
differ most significantly from the designs in the 
Joops surrounding the active site; explicitly ine 
Trackbone flexibility in these regions 
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410% 


210% 


‘0.0001 


‘0.0002 0.0008 0.0008 0.0005 0,008, 


Time (min) 


Fig. 3. Experimental characterization of active enzyme designs. (A) Progress 
‘curves for RA61, RA61K176M, RAZ2, RAZZ S210A, RAZZ K159N1, RASS, RASS 
E2337, and RAGS K1GOM. The enzymes were tested with 540 juMt of the 
racemic substrate; the reaction was followed by measuring the appearance of 
the fluorescent product (excitation wavelength, 330 nm; emission wavelength, 
452 nm). The y axis is the concentration of product (determined from the 
fluorescence signal by a standard curve prepared with pure product solutions) 
divided by the enzyme concentration. In the design models, the serine-to- 
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‘Substrate concentration (M) 


alanine mutation in RAZ2 and the glutamate-to-threonine mutation in RA4S 
eliminate interactions that stabilize the carbanolamine intermediate and 
position the bound water molecule; both mutations reduce the reaction rate 
considerably. Mutation ofthe catalytic lysine residues to methione completely 
eliminates enzyme activity. (B) Dependence of reaction velocity (V) on 
substrate concentration. The rates are reported in Table 2. Reaction conditions 
{forall experiments were 25 mM Hepes, 2.7% CHCN, 100 mM NaCl (pH 755), 
‘and substrate at the indicated concentration. 
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during the design process could yield improved 
‘enzymes in the future. 
Each proposed catalytic mechanism can be 


to be tested by multiple independent design ex- 
periments. Our lack of success with the first ac- 
tive sites that were tested contrasts markedly with 


site in which proton shuffling is carried out by 
bound water molecule rather than by amino 
acid side chains acting as acid-base catalysts 
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tivated as an experimentally testable hypothesis our relatively hig 


Table 2. Kinetic parameters of selected designs. b, burst phase; s, steady state. 


h success rate with the active 


The charged polar networks in highly optimized 
naturally occuring enzymes require exquisite 
control over funetional group positioning and 
protonation states, as Well as the satisfaction of 
the hydrogen-bonding potential of the buried 


i kon Kua eal ‘ olar residues, which leads to still more e 
Seton 60% ni ‘oi ors sata Code! byrojer ond neweti Cope 
RAZZ 3.1 + 0.3 (b) 480 = 130 (b) 0.11 + 0.03 (b) 8.1 x 10° (b) tional de: of such extended polar networks: 

05 + 0.1 (3) 450 + 210 (9) 0.018 + 0.006 (s) 1.2 x10) is exceptionally challenging because of the difli- 
RA34 422110) 620 = 180 (bd 0.11 = 0.01 (b) 1.1% 108 (b) culty of accurately computing the free energies of 

0.6 + 0.1 (5) 600 = 140 (s) 0.016 + 0.004 (s) 15x 10° (6) buried polar interactions, pwuticularly the influence 
RAGS 23402 430248 0.091 + 0.004 6.0.x 10% of polarizability on electrostatic five energies and 
RAMG 0.62 £05 290 + 60 0.037 + 0.006 1.610? the dicate balance between the cos of desolvation 
RAGO 93209 510233 0.30 = 0.06 24% 10% and the gain in favorable intrapotcin electrostatic 
RAG 9.010 210 = 50 0.74 + 0.11 23x10" and hydrogen-bonding interactions. The sampling 


“hoc = 39 8107 win” CH, 


problem also becomes increasingly formidable 


Fig. 4. Structures of designed enzymes. (A to ©) Examples of design models 
for active designs highlighting groups important for catalysis. The nucleophilic 
imine-forming lysine is in orange, the TS model isin yellow, the hydrogen- 
bonding groups are in light green, and the catalytic water is shown explicitly. 
The designed hydrophobic binding site for the aromatic portion of the TS 
model is indicated by the gray mesh. (A) RAGO (catalytic motif IV, jelly-rol. 
scaffold). A designed hydrophobic pocket encloses the aromatic portion of the 
substrate and packs the aliphatic portion of the imine-forming tys*. A 
designed hydrogen-bonding network positions the bridging water molecule 
‘and the composite 1S. (B) RA46 (catalytic motif IV, Tit-barrel scaffold). Tyr"? 
and Ser™ position the bridging water molecule, which facilitates the proton 
shuffling required in active site IV. (O) RAS (catalytic motif IV, Tit-barrel 
scaffold). The bridging water is hydrogen-bonded by Se*™ and Glu; 
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replacing the Glu?™* with Thr decreases catalytic activity threefold (Fig. 3A). (D_ 
and ) Overlay of design model (purple) on x-ray crystal structure (green). 
Designed amino acd side chains are shown in stick representation, and the TS 
model in the design is shown in gray. (D) The 2.2 A crystal structure of the 
‘S210A variant of RAZ2 (catalytic motif Il, TIM-barrel scaffold), The Ca root 
mean square deviation (RISD) between the design model and. crystal 
structure is 0.62 A, and the heavy-atom RMSD in the active site is 1.10 A. (E) 
1.8 A aystal structure of M48K variant of RA62 (catalytic motif IV, jelly-roll 
scaffold), Design-crystal structure Cx RMSD is 0.46 A, and heavy-atom RMSD 
{50.8 A. The small differences in the high-resolution details of packing around 
the active site are due to slight movements in some of the loops above the 
binding pocket and two rotamer changes in RAGI that may reflect the absence 
of a TS analog in the crystal structure. 
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for more complex sites: The side-chain identity 
and conformation combinatorics dealt with by 
hashing in RosettaMatch become intractable for 
sites consisting of five or more long polar side 
chains, which for accurate representation may ne 
‘quire as many ss 1000 rotamer conformations each, 
At the other extreme, bound water molecules offer 
‘considerable versatility, because they can realy 
reorient to switch between acting as hydrogen- 
bond acceptors and donors and involve neither 
delicate free-enengy tradeotls nor intricate inter- 
action networks. 

Inis tempting to speculate that our computa 
tionally designed enzymes resemble primordial 
‘enzymes more than they resemble highly refined 
modem-lay enzymes. The ability to design 
neously © 
els the i 
y in evolution, more than three wf 
ides would have happened to be positioned 
“appropriately for catalysis: some of the fumetions 
played by exquisitely positioned sicke chains in 
mmoxlem enzymes may have been played by water 
miolgcules earlier in evolutionary history 

‘Akthough our results demonstrate that novel 
‘enzyme activities can be designed from seratch 
and indicate the catalytic stratogics that are most 
accesible fo nascent enzymes, there is » 
significant gap between the activites of our de- 
signed catalysts and those of naturally occurring 
enzymes. Narrowing this gp presents an exciting 
prospect for fisture work: What additional estures 
have to be incomoraed int the design process to 
achieve catalytic activities approaching those of 
naturally occurring enzymes? The close agrecsnent 
between the two erystal structures and the desig 
models gives credence to our sirtezy of testing 


hypotheses about catalytic mechanisms by generat- 
ing and testing the conesponding designs; indaod, 
almost any idea about catalysis can be really tested 
bby incorporation into the computational design pro- 
cedure. Determining what is missing fiom the 
‘current generation of designs and how it can be 
incorporated into a next generation of more active 
designed catalysts will bean exiting challenge that 
should unite the fields of enzymology and com- 
‘putational protein design in the years to come. 
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A Cholesterol Biosynthesis 
Inhibitor Blocks Staphylococcus 


aureus Virulence 


Chia-1 Liu,”?* George Y. Liu,** Yongcheng Song,** Fenglin Yin,* Mary E. Hensler,” 
‘Wen-Yih Jeng,’ Victor Nizet,’"t Andrew H.-J. Wang,***+ Eric Oldfield™*t 


Staphylococcus aureus produces hospital- and community-acquired infections, with 
methicilin-resistant 5. aureus posing a serious public health threat. The golden carotenoid 
pigment of S. aureus, staphyloxanthin, promotes resistance to reactive oxygen species and host 
rneutrophil-based killing, and early enzymatic steps in staphyloxanthin production resemble those 
for cholesterol biosynthesis. We determined the crystal structures of S. aureus dehydrosqualene 


synthase (CrtM) at 1.58 angstrom resolution, 


inding structural similarity to human squalene 


synthase (505). We screened nine QS inhibitors and determined the structures of three, bound to 
rth, One, previously tested for cholesterol-lowering activity in humans, blocked staphyloxanthin 


biosynthesis in vitro (mediar 


ibitory concentration ~100 nl), resulting in colorless bacteria 


with increased susceptibility to killing by human blood and to innate immune clearance in a mouse 
infection model. This finding represents proof of principle for a virulence factor-based therapy 


against 5, aureus. 


ver the past 20 years, there has been an 
Ox inthe peal of witb 


resistant bacterial infections, both in the 
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hospital and in the general community: in the 
United States, more deaths are now attributable 
to methicillin-resistant. Staphnlococeus aureus 


(MRSA) infections than to HIV/AIDS (1, 2) 
Unfortunately, over the same time, there hiss 
boon a decrease in the rate of discovery of new 
antibiotics, ereating a pressing need for the de 
velopment of novel infectious disease therapies 
One approach, discussed at a recent National 
Rese i workshop (3), involves the 
speci 

tors to render pathogenic 
to innate immune system cleara 


However, 
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Fig. 2. Biosynthetic pathways, (A) Staphyloxanthin biosynthesis (in S. aureus) (B) Cholesterol (in humans) 
and ergosterol (in, e.g., yeasts and some parasitic protozoa) biosynthesis. Each biosynthetic pathway 
involves initial formation of presqualene diphosphate, catalyzed by CrtM (S. aureus) or by squalene 
synthase (5QS). In 5. aureus, the NADPH reduction step is absent, resulting in production of 
dehydrosqualene, not squalene. 


Fig. 2. X-ray crystallographic stuc- 
tures, (A) X-ray structure of 5. aureus 
CrtM. (B) Superposition of CrtM and 
human squalene synthase structures. 
There is a 5.5 A C,, RMS deviation 
between the two structures, (C) Close- 

up view of FSPP bound to CitM. (D) 
Close-up view of S. aureus Crt with 
bound BPH-652. (E) 5. aureus Crim 

with bound BPH-698. (F) S. aureus 
CrtM with bound BPH-700. In (©) to 

(f), the FSPP ligands are in green or a 
yellow; BPH-652, BPH-698, and BPH- 
700 (and associated Mg°*) are in blue, 
‘jan, and magenta, respectively. Key py ~ E 
contacts with Asp () and Asn (x) © )) 

residues are indicated, 


conventional screening campaigns are not well 
suited for selecting such inhibitors, because ¥ 
tulence factors typically do not affcet bacterial 
cell growth but rather exert their activity in 
vivo. In S. aureus, an important virulence factor 
is the carotenoid pigment staphyloxanthin, This 
pigment acts as an antioxidant, with its nu- 
‘merous conjugated double bonds enabling the 
detoxification of host immune system generated 
reactive oxygen species (RC 
11,03, and HOCI (4, 5), Bact 
carotenoid pigment grow normally, but they 
are rapidly killed by ROS from host neutro- 
phils and are deficient in skin abscess formation 
(4), Blocking staphyloxanthin biosynthes 
therefore a potentially attractive therapeutic 
target (3, 4), and the bright golden colora- 
tion of the virulence factor facilitates inhi 
tor screening, 

‘The first committed step in staphyloxanthin 
biosynthesis, catalyzed by the S. aurets dehydro- 
squalene synthase (CrtM) enzyme, involves 
the 11° oF head-to-head condensation of two 
molecules of famesy! diphosphate to produce 
the Cyo species, presqualene diphosphate ( 
which then undergoes skeletal rearrangeme 
and further loss of diphosphate to produce de- 
hhydrosqualene (Fig. 1A), Successive dehydro- 
genations yield 4,4"iaponcurosporene, which 
is then further oxidized, wlycosylated, and ex 
tcrified to give the carotenoid, staphyloxanthin 
(Fig. 1A), The structure of dehydrosqualene is 
very similar to that of the squalene used in 
cholesterol biosynthesis in humans, and both 
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‘dchydrosqualene and squalene biosyntheses pro- 
‘ceed through presqualene diphosphate. The path- 
\ways diverge at this intermediate, with a reduced 
nicotinamide adenine dinucleotide phosphate 
(NADPH)-catalyzed reductive step present in 
squalene synthesis but not in dehydrosqualene 
) , IB), Thus, S. aureus CoM and 
human squalene synthase (SQS) might possess 
structural similarities, although only modest se 
{quence homology (30% identity, 36% similarity) 
is found by Clustal (6) amino acid alignment 
(fig. SI), However, human SQS is known to have 
considerable structural similarity to other prenyl 
synthase enzymes, including fimesy! diphos- 
phate synthase, pentakenene synthase, and S-epi- 
aristolochene synthase, despite the lack of se- 
quence homology (7). 

‘To probe this stnictural question, we cloned, 
expressed, purified, and crystallized the CrtM 
protein from S: aureus and solved its structure by 
X-ray crystallography to 1,58 A. Data collection 
‘and refinement statistics fr the seleniomethionine- 


substituted and wild-type proteins are_pre- 
sented in tables SI and S2. CrtM crystallizes 
in the P3221 space group and there is one 
molecule per asymmetric unit. The overall fold 
(Fig. 2A) shows clear similarity to that seen 
in human SQS (PDB accession number 1EZF), 
as can be scen in the superposition (Fig. 2B), 
with a SS A root-mean-square (RMS) devia 
tion between the Cy atoms in the two struc- 
tures. CM is all helical and has a large central 
cavity (also seen in other isoprenoid synthases) 
capable of accommodating the Cyp product, 
dehydrosqualene, 

To sce how inhibitors might bind to CaM, 
We first crystallized the protein with famesyl 
thiodiphosphate (FSPP, Fig, 3), a nonreactive 
analog of farnesyl diphosphate, the substrate for 
(CHM. FAPP has previously been found 1 be a 
subsirate-analog inhibitor of other prenyl trans- 
frases, including geranylgerany! diphosphate 
synthase and undecapreny! diphosphate syn- 
thase (8), However, in each of those struc- 


Pores 
Soke OO hx a 
FsPP BPH-652 a BPH-698 
go Sees Bi) 
" pprsst BPHe61 
woos, Sacro" FOO 
a Foon, 
So aa wowers 


Fig. 3. Chemical structures of faresyl thiodiphosphate (FsPP) and eight squalene synthase in- 
hibitors. There are many different types of SQS inhibitor, but only the phosphonosulfonates (and 


related bisphosphonates) inhibit CrtM. To date, 
have activity in 5. aureus. 


Fig. 4. In vitro, in vivo, and CrtM inhibition 
results, (A) Inhibition of wild-type (WT) S. aureus 
pigmentation using 0 to 1000 \M BPH-652, 
with ACM control at left. The ICso for pigment 
formation is ~110 nl. (B) Pigment inhibition by 


phosphonosulfonates and BPH-674 (no inhibition observed). Note that good Crt inhibition 
does not guarantee activity in S. aureus. (C) Effect of BPH-652 on S. aureus susceptibility to 
H,02 (1.5%, 1 hour). (D) Effect of BPH-652 on S. aureus susceptibility to killing in human whole 
blood. (E) CFU isolated from kidneys 3 days after intraperitoneal inoculation of mice with either 
WT or ACItM 5. aureus. (F) CU isolated from noses 5 days after intranasal inoculation of mice 


‘only the phosphonosulfonates have been found to 


Percent of activity 


{69 (concentraton) 


with 1:1 mixture of WT and ACrtM S. aureus. (G) Effect of BPH-652 on S. aureus survival in the 
kidney after intraperitoneal infection. Invitro data shown are representative of atleast three identical experiments. In vivo data in (G) are compiled from two sets 
‘of experiments, using different numbers of mice, performed under the same conditions (13). 
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tures, only one FsPP binds per protein, In 
GaM, however, two FPP molecules must come 
together to form dchydrosqualene, and indeed, 
two FSPP molecules were found in the large 
central cavity (Fig. 2C), Their diphosphate head 
groups interact with three Mg™” ions, which in 
tum interact with Asp residues in the two con- 
served Asp-X “Asp repeats (fig. S1) seen 
in many prenyl synthases. The space group of 
FsPP-CnM is P3,21, and there are 1wo mole- 
cules per asymmetric unit, Electron densities 
for the two ligands and key protein-ligand in- 
teractions are shown in figs, $2 and S3, This 
ligand binding patiem is likely to define the 
location of the presqualene diphosphate inter- 
mediate binding site, 

Structural similarity raised the possibility that 
human SQS inhibitors developed as potential 
cholesterol-lowering drugs (9-12) might also 
be active against CaM. We synthesized 
such compounds (Fig, 3) and tested them for 
activity in CrtM inhibition (/3), There is con- 
siderable structural diversity among these come 
pounds: Some mimic the FPP substrate (¢.g., 
the phosphonosulfonaies BPH-682, BPH-G98, 
and BPH-700}, others presumably act as ana- 

carbocations of transition states 
ines, BPH-651, BPH-661, and BPI 
673); and others, such as the dicarboxylic acid 
BPH-660, have a less certain mechanism of 
section 

OF the eight compounds tested, only the 
three phosphonosulfonates were found to be 
CriM inhibitors (BPH-652, inhibitor constant 
y= 1.5 nM: BPH-G98, Ky = 135 9M; BPH-700, 
Ky = 6 nM: fig. S4), Each phosphonosulfonate 
also had potent activity against 8. aureus pig- 
ment formation in vitro, as shown for BPH-652 
in Fig. 4A, with median inhibitory concentra 
tion (ICs) values in the range 100 to 300 nM 
(Fig. 4B), The bisphosphonate BPH-674 (Fig. 
vas a more potent CraM inhibitor (A) = 0.2 nM: 
fiy. $4) than any of the phosphonosulfonates 
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but had no activity at all in pigment inhibition 
in vitro, due perhaps to poor bacterial cell up- 
take or increased efflux. None of the four amine’ 
carboxylate human SQS inhibitors had any ac- 
tivity in inhibiting CaM or pigment formation, 
although all are known to be potent human 
SQS inhibitors, Taken together, these results 
pointed to phosphonosulfonates as being the 
most promising class of CM. inhibitors for 
futher investigation, beginning with structure 
determination, 

‘All three phosphonosulfonates, BPH-6S2, 
BPH-698, and BPH-700, yielded wellresotved 
Fare ~ Fea densities (lig. $3); the refined 
structures objained are shown in Fig. 2. D to F, 
‘superimposed on the FsPP structure. Full erys- 
tallographic details are given in table S2, and 
nd interaction results are shown in fis. S6 10 
SX. Interestingly, in al three structures, we found 
‘evidence for only one phosphonosulfonate bound 
per CriM, not the two figands that might have 
been anticipated fiom the FsPP structure. More- 
‘over, all three inhibitors have different binding 
mmoxkes, BPH-652 (Fig. 2D) binds into the FsPP- 
I site with wo Mg*, BPH-698 binds into the 
FsPP-2 site (Fig. 2E) with only one Mg", and 
BPIL-700 binds ino the FsPP-2 site 
Mg? (Fig. 2F), The phosphonasulfonate side 
chains do, however, closely track the locations 
‘of the Wo FSPP inhibitor side chains, ESPP-1 is 
highly bent (green structure in Fig. 2C), and 
BPII-652 isableto tack this bent geometry (Fig. 
2D), due at least in part to the presence of its 
central ether O atom. On the other hand, the 
(linear) biphenyl side chains in the BPH-698 and 
'BPH-700 structures ean be closely superimposed 
‘on the fully extended famesy! side chain in the 
FsPP-2 site (yellow in Fig. 2, C, E, and F). 
Additional views of all superimpose ligands are 
shown in fig. S9. 

Although the aryl side chains in the two 
biphenyl phosphonosulfonates are closely aligned 
(Fig. 2, E and F), the head groups bind very dif- 
fexently. With BPH-698, the phosphonosulfonate 
head group is involved in elvetrostatic interac 
tions with one Mg, but in. BPH-700 (which 
lacks the 4'-buty! side chain), no Mg? is found 
in the structure: instead, the phosphonosulfonate 
is involved in electrostatic or, hydrogen bond 
interactions with His! and Tyr". With all three 
phosphonosulfonate inhibitors, electrostatic in- 
teractions between ligand and protein ane im- 
portant, with eight or nine highly hydrophobic 
amino acid side chains contacting the inhibitor 
side chains. 

To probe the possible use of a phosphonosal- 
fonate CM inhibitor as an antimicrobial, we 
performed a series of experiments to determine 
Whether such a compound was (i) nontoxic 10 
mammalian cells, (ji) able to restore S. aureus 
killing by oxidants and phagocytes, and (ii) able 
to limit S. aureus disease progression in vivo. 
BPH-652 was selected for these experiments 
‘because it has a good ICso in pigment inhibi- 
m (110 nM: Fig. 4B) and because S-BPH-652 
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(and its analogs) have been advanced through 
preclinical testing in rats and in two human 
clinical trials (/4, 15) as cholesterol-lowering 
agents. 

As expected, BPH-652 had no effect on 
the growth of three human cell Hines (MC 
NCLIH60, and SF-268), because only cho- 
lesterol biosynthesis is tangeted and choles- 
terol is generally abundant in serum (or dict). 
consistent with the 
results of the clinical trials (on S-BPH-6S2} 
Also, incubation with up to 2 mM BPIH-6: 
affected neither S. aureus growth character- 
istics nor survival through 48 hours in cul- 
ture. However, after incubation with 100 4M 
BPH-652, the resulting nonpigmented (white) 
S. aureus were more susceptible to killing by 
1.5% hydrogen peroxide by a factor of ~1 
and, relative to normally pigmented S, aureus 
treated with phosphatc-buflered saline (PBS) 
control, were less able to survive it fieshly 
isolated human whole blood by a factor of ~4 
(Fig. 4, C and D), as expected because they 
contained no carotenoid pigment to act as an 
antioxidant. 

Finally, we sought to establish whether in- 
hibition of staphyloxanthin biosynthesis by 
BPH-652 could represent a purely virulence 
factor-based therapy against S. aureus infec- 
tion, We first extended our previous observa- 
tions on the contribution of staphyloxanthin to 
abscess formation (4) to a systemic S. aureus 
infection model. Staphyloxanthin was found 
to promote invasive disease potential, because 
mice inoculated with 10° colony-forming units 
(CFU) of wild-type S auras (by intraperitoncal 
injection) developed a sustained infection, with 
bacteria recovered from the kidneys 72 hours 
later, an isogenic 8: aureus mutant lacking the 
CaM enzyme was cleared by the host after 
similar challenge (Fig. 4E), Conversely, the con- 
tribution of S. aureus pigmentation to muco- 
sal colonization after intranasal inoculation was 
negligible (Fig. 4F), These data are consist- 
cent with a primary function of staphyloxanthin 
in resisting the host oxidant-based phagocytic 
defenses that are present in disease contexts 
‘but are absent on mucosal surfaces without 
inflammation 

Under the same intraperitoneal challenge 
used in Fig. 4E, we then treated one group of 
mice (1 = 14) with 0.5 mg of BPH-652 twice 
per day (days -1, 0, 1, and 2), and a second 
group (71 = 13) with equivalent volume injec- 
tions of PBS control, Upon killing at 72 hours, 
aureus bacterial counts in the kidneys of 
the mice treated with BPH-652 were signifi 
cantly lower than those of the control group 
(P< 0.001), with 8 of 13 below the detection 
threshold, versus only 2 of 14 in the control 
‘group (Fig. 4G); on average, this result cor- 
sponds to a 98% decrease in surviving bac- 
teria in the treatment group. 

Thus, the CM (dehydrasqualene synthase) 
enzyme from S. aureus is a target for anti- 


infective therapy based on virulence factor neu- 
tralization, and a drug candidate already tested in 
humans in the context of cholesterob-lowering 
therapy provides a good lead, These results there- 
fore provide a basis for rational drug design 
‘against this major human pathogen, and provide 
proof of principle ofthe utility of an anti-infective 
rug without direct bactericidal properties that 
instead renders the pathogen susceptible to 
ronal host innate immune clearance, Our ap- 
‘proach, and other virulence factor-based concepts 
(16, 17) for highly specitic antistaphylococeal 
therapy, also offer theoretical advantages. for 
reducing selection pressure toward the emengenc 
fof resistance, both in the pathogen and in our 
‘nonnal commensal microflora (3, /8), 
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High-Resolution Mapping of Crossovers 
Reveals Extensive Variation in Fine-Scale 
Recombination Patterns Among Humans 


Graham Coop,?* Xiaoquan Wen, Carole Ober,** Jonathan K. Pritchard,?* Molly Preeworski?* 


Recombination plays a crucial role in meiosis, ensuring the proper segregation of chromosomes. 
Recent linkage disequilibrium (LD) and sperm-typing studies suggest that recombination rates vary 
tremendously across the human genome, with most events occurring in narrow “hotspots.” To 
‘examine variation in fine-scale recombination patterns among individuals, we used dense, 
genome-wide single-nucleotide polymorphism data collected in nuclear families to localize 
‘crossovers with high spatial resolution. This analysis revealed that overall recombination hotspot 
usage is similar in males and females, with individual hotspots often active in both sexes. Across 
the genome, roughly 60% of crossovers occurred in hotspots inferred from LD studies. Notably, 
however, we found extensive and heritable variation among both males and females in the 
proportion of crossovers occurring in these hotspots. 


‘rors in the recombination process during 
josis underlie a variety of chromosomal 


recombination between closely linked markers 
ome from sperm typing, we still know little 


fabnomnalities and greatly increase the risk about fine-scale pattems of recombination in 
ion (/-3), Nonetheless, the total — females, 


With the recent advent of high-density go 
typing platforms, it is now feasible to study fin 

scale pattems of recombination with pedigree 
data, To test this approach, we analyzed yenome- 
wide single-nucleotide polymorphism data frm 
the Affymetrix GeneChip Mapping S00K. Array 
Set (Affymetrix, Santa Clara, CA) in 725 related 
Hutierites, population of European descent 


ong individuals (4), and rates of genetic 

i s are known to differ 
in males (5-8), These observations hint at ex- 
tensive variation in many aspects of the re 
bination process (¥), the nature and extent of 
which have yet to be systematically charac- 
terized. In particular, because observations of 
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(10), The 723 individuals form part of a known, 
1650-person, 13-generation pedigree, which we 
broke down into a set of $2 overlappins nuclear 
families. for purposes of analysis. OF the 82 
families, 50 have between four and 
typed children, 18 have three, and 14 have two, 
allowing us to infer recombination events in a 
total of 364 male and 364 femal 
though the number of meioses iss 
of Kong ef al. (11) (728 versus 1257 meioses), 
‘our marker density is nearly L00-fold hi 
allowing us to define crossover locations with 
high spatial resolution 

To infer recombination events fom geno 
type data in nuclear families with two or more 
children, we devised an algorithm that effec 
tively phases the parental chromosomes and 
identifies positions where a child's chromosome 
switches from copying ene parental haplotype 
to the other [Fig. 1A and supporting onlin 
terial (SOM) text]. This approach identified 
24,095 autosomal crossoversin 728 meioses, of 
Which 12.278 were localized to an interval of 
Jes than 100 kb and 4,854 to within 30 kb (Fig 
1B), We inferred a mean of 39.6 reeo 
‘events per gamete [95% confidence inter 
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Fig. 2. (A) Transmissions of a 4-megabase (Mb) region on chromosome 5 
from a mother to her six children. The blue hashes on the lowest line 
indicate the location of informative markers in the mother, whereas the 
six blue and red lines above label the two estimated maternal haplotypes, 
With the thinner sections indicating the missing data. The triangle points 
to the inferred recombination event. (B) A histogram of 
‘recombination events resolved to within 200 kb (representing ~70% of 
the total) within which we inferred crossovers to have occurred. 
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38.5 to 40.6] in females and a mean of 26.2 re- 
‘combination events per gamete (95% Cl: 25.6 
to 26.7) in males. Both these estimates, as well 
as our recombination rate estimates at the me 
base seale, agree closely with these of previous 
studies (/7) (SOM text). This agreement implies 
that our algorithm calls recombination events 
reliably and that, at least at this scale of com- 
parison, the Hutterite and leslandie populations 
have similar overall recombination rates. 

We then examined recombination among in- 
dividuals, confirming the existence of significant 
variation (SD = 4.71, P = 0.0007) in the mean 
number of recombination events among females 
(U1, 12). A previous report (/3) had suggested 
that mothers with higher recombination rates 
have slightly more offspring and that viable off- 
spring of older mothers tend to have higher re= 
‘combination rates (3). We ssw a similar effect in 
the Huttrites: We estimated that chiren born to 
mothers aged 3S years or older have, on average, 
‘an extra 3,1 matemal recombination events as 
‘compared with those bom to mothers below the 
age of 35 (one-sided P= 0,028, from a stringent 
Within-family penmutation test). This matemal 
age effect may reflect selection against oocytes 
that have insufficient numbers of recombination 
‘events to overcome insults to the meiotic system 
accumulated over time (13, 14), 

‘Among males, we also found significant vari- 
ation in the total number of recombination events, 
(SD » 2.59, P= 0.0001), as reported for eyto- 
xenetic studies (/5) but, until recently (/6), not 
seen in pedigree studies. Moreover, in males, we 
detected significant variation in the number of 
‘erossovers on individual chromosomes (espe- 
cially chromosome 19), even after correcting for 
‘genome-wide recombination (SOM text). Notae 
bily, the chromosomes with significant variation 
in males show io such evidence in females, 
‘suggesting that there may be sex-specific modi- 
fiers of recombination rate at this scale (%, 17) 
Unlike in females, we did not detect an effect of 
ppatemal age on recombination. 

On a broad scale, recombination rates are 
know to increase with gene density (17), which 
is consistent with a fink between transcription 
and recombination, as found in yeast (/8). At a 
finer scale, however, pattems of LD suggest that 
recombination rates are actually reduced near 
‘genes and highest at a short distance from the 
start positions of genes (/9), Because LD pat- 
tems are shaped not only by recombination but 
also by natural selection, the interpretation of 
this finding is not clear-cut; indeed, the obser- 
vation of inereased LD within genes has been 
interpreted both as.a signal of natural selection 
in genes (20) and as evidence for reduced recom- 
bination (79). 

‘To resolve this issue using directly observed 
recombination events, we estimated the average 
recombination rates as a function of distance 
from the nearest transcription start site (TSS) 
(Fig. 2 and SOM text). Of the 4834 recombina- 
tion events that were refined to within 30 kb, we 
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found that recombination rates are typically low 
near the TSS (both upstream and downstream) 
and are highest in regions tens or hundreds of 
kilobases from the nearest TSS. These results in- 
dicate that recombination tends to occur in mone 


distant intergenic sites that may be less lik 
be associated with promoter function, implying 
that the primary cause of increased LD near the 
TSS is decreased recombination rather than 
selection. 


6 


‘Ayorage recombination rate (cM/Mb) 


06 
04 
02 
=1000 -750 500 -250 0 250 500 750 1000 
s Distance from TSS (kb) a 


Fig. 2. Distribution of recombination relative to genes, The red line plots the estimated, average 
recombination rate as a function of distance from the nearest TSS, calculated with recombination 
‘events refined to within 30 kb, The physical length of each bin is indicated by the length of the 
horizontal line. The 20 gray lines show averages calculated from bootstrap resampling of 
recombination events, as a measure of the uncertainty in our estimates. cM, centimorgan. 
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Fig. 3. Overlap of recombination events with four specific hotspots inferred from LD analyses. These 
regions were chosen because they contain some of the most active hotspots seen overall chromosomes, 
(SOM text) Each panel displays results for one region, with the physical postion (in kilobases) denoted 
‘on the x axis. Only recombination events localized to within 100 kb are shown, with intervals containing 
male and female crossovers indicated in green and blue, respectively. The locations of the hotspots 
estimated from LD data are shown along the bottom of each panel as black lines, and vertical light gray 
lines indicate their boundaries. (A) Region located at 69.5 kb on chromosome 17. (B) Region located at 
58.7 kb on chromosome 19. (C) Region located at 119.5 kb on chromosome 10. (D) Region located at 


132.5 kb on chromosome 11. 


Spemm-typing and LD analyses suzgest that 
ost (60 t0 70%) crossover events occur in about 
10% of the genome (/9), a heterogeneity largely 
due to I-to 2-kb hotspot regions that experience 
sharply elevated recombination relative to that of 
the background (8, 9, 19, 27-23), Although such 
studies have vastly improved our knowledge of 
fine-scale rates, sperm-typing studies are labor 
intensive and only informative about male rates. 
In tum, LD-based estimates rely on a simple 
population wenetic model and ane both sex- 
averaged (over both make and female ancestors 
Of the sample) and time-averaged (over many 
ancestral generations); consequently, such esti- 
mates cannot be used to learn about variation in 
rates. among individuals. In contrast, our high- 
resolution pedigiee data allow us 10 directly 
‘observe crossover events in transmissions from 
both males and females ant to examine inter- 
individual variation, 

‘To learn more about the nature of hotspots, 
‘we considered all recombination events in. our 
data whose location could be inferred to within 
30 kb (2910 female and 194 make events; see 
SOM for results with other cutofls). To assess the 
‘congruence between LD- and padigree-based es- 
timates of recombination, we examined how 
fotien these welhresolved recombination events 
‘overlapped with 32,996 putative hotspots esti 
inated from LD pattems in the Phase I! HapMap 
data (24) (SOM text). We found that 72% of 
crossovers overlay a hotspot, when just 32% 
\Would be expected to do so by chance, We then 
used a likelihood method to estimate the true 
proportion of recombination events that takes 
place in hotspots, accounting for the possibility 
that an event overlaps simply by chance (SOM 
text), We found that 608% (95% CI: 58 wo 61%) of 
recombination events occurred in hotspots, which 


A 


closely agwees with analyses of LD data (19). A 
number of the LD hotspots that were overlapped 
bby our infeed recombination events appear to 
be extremely active: For example. three of the 
hotspots shown in Fig. 3 are potentially active in 
fas many as 1% of meioses (sce SOM text) 

Overall, our results support the picture of 
‘combination rate heterogeneity as suggested by 
LD analyses, notably in terms of the fraction of 
crossovers occurring in hotspots. This concor- 
dance implics that hotspots detected in extant 
populations have persisted for at least the time 
seale detectable in LD (ie., thousands of gener- 
ations). Our findings do not mean that every 

erence of a hotspot from LD data is tre; our 
\welkresolved recombination events only overlap 
4 total of 3200 hotspots, leaving many predicted 
hotspots to be confirmed. 

‘Atbroad scales, females and males are known 
to differ dramatically in their recombination rates 
(U1, 12), whereas, at finer scales, very litle is 
known about differences between sexes, One 
hint that recombination rate heterogeneity may 
bbe similar between the two sexes is that LD data 
from the X chromosome which (outside of the 
pscudoautesomal regions) recombines only in 
Females—show pattems of hotspots that are 
roughly similar to those on autosomes (/9). Our 
data show that indeed overall hotspot use is quite 
similar inthe two sexes. Across the genome, the 
faction of crossovers that occur in recombination 
hotspots inferred from LD differs only slightly 
between males (62%: 95% Cl: $9 to 64%) and 
females (S7% 95% Cl: $$ 10 39%). Moreover, 
inspection of specific hotspots revealed that they 
are often active in both makes and females, as 
they coincide with well-resolved recombination 
events in beth sexes (Fig. 3, A and B). A subset 
of hotspots, however, seems to be used mainly by 
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Fig. 4. The percentage of crossovers inferred to have occurred in LD-based hotspots in each 
individual. the maximum likelihood estimate (MLE) for each individual [females in (A) and mates in 
(B)] is shown as a circle, and the 95% Cls are indicated by the length of the horizontal lines. 
Individuals are ordered by their MLE. The black vertical ine in each panel shows the overall MLE. 
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‘one sex oF the other. For example, the hotspot in 
Fig, 3C is potentially active only in females, 
‘wheras the hotspot in Fig. 3D appears to be 
active mostly in males (SOM text), Ouranalyses 
indicated that the sex-specific use of individual 
hotspots is explained in part by differences in 
broad (megabase)-scale rates but that there is 
also considerable variation between sexes below 
the megabase scale, We also examined the over- 
Jap between recombination events within and be- 
tween sexes, controlling for the broader-scale rate 
(for details, see the SOM), Together, these 
analyses suggest that males may use a smaller 
subset of hotspots than females. 

Although we found no marked difference in 
the average hotspot use between sexes, we noted 
extensive variation among both males and 
females in the fraction of crossovers that occur 
in hotspots, For each parent, averaging across all 
their offipring, we estimated the genome-wide 
[proportion of events that occur in LD-based hot- 
spots (a) (Fig. 4), The variation in among 
individuals is highly significant by a likelihood 
ratio test (P value from permutation test: P< 
0,002, for both sexes), Moreover, the rare 
sense heritability of the fraction of crossovers 
LD-based hotspots is estimated to be 0.22, which 
is significantly larger than 0 (P= 0.01, witha test 
that accounts for relatedness across the entire 
Hunterite pedigree) (25), Thus, genome-wide tse 
‘of LD-based hotspots is significantly variable 
among individuals (makes and females), and this 
Variation is heritable 

‘One interpretation of this finding is that som 
individuals use recombination hotspots less fre= 
‘quently than others, However, boeause hotspots 
detected in LD data are likely to have been active 
for thousands of years, it may be that all indi- 
Viduals use hotspots equally, but some tend 10 use 
‘newer or weaker hotspots that are fess likely to be 
found in analyses of LD. Regardless of the in 
‘pretation, the finding of heritable variation in LD- 
‘based hotspot use points to heritable diflerences 
among individuals in some aspect of the re- 
‘combination machinery. 

This result is particularly interesting in light 
‘of recent reports suggesting that hotspot locations 
have evolved rapidly since the split betwoen hue 
mans and chimpanzees (26-29), because differ- 
fences in trans-acting factors in. humans and 
chimpanzees could account for the marked differ- 
cence in hotspot locations between the two spe= 
cies. Morover, our finding offers a possible 
solution to the hotspot paradox (i. the existence 
of hotspots despite biased gene conversi 
against alleles that promote them) (6, 7, 30). A 
single change in the recombination machines 


‘counteracting the removal of indi . 
from the population by biased gene conversion 
3). 

‘These analyses uncovered tremendous varia- 
tion in recombination rates over all genomic 
scales considered and, in particular, heritable 
‘Variation in hotspot use. It should now be possi- 


SCIENCE VOL319 7 MARCH 2008 


1397 


1398 


| REPORTS 


ble 10 map the genetic basis for variation in 
different aspects of the recombination process, 
With high-density genotyping data, Identifying 
the loci that contribute to this variation will offer 
unparalleled insights into the genetic basis of 
recombination rate variation and the selective 
forces zoveming the evolution of recombination 
rates (Y), 
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Sequence Variants in the RNF212 Gene 
Associate with Genome-Wide 
Recombination Rate 


‘Augustine Kong," Gudmar Thorleifsson, Hreinn Stefansson, Gisti Masson, Agnar Helgason, 
Daniel F. Gudbjartsson, Gudrun M. Jonsdottir, Sigurjon A. Gudjonsson, Sverrir Sverrisson, 
Theodora Thorlacius, Aslaug Jonasdottir, Gudmundur A. Hardarson, Stefan T. Palsson, 


‘Michael L. Frigge, Jeffrey R. Gulcher, Unnur Thorsteinsdottir, Kari Stefansson’ 


The genome-wide recombination rate varies between individuals, but the mechanism controlling 


this variation in humans has remained elusive, 


genome-wide search identified sequence variants 


in the 4p16.3 region correlated with recombination rate in both males and females. These variants 
are located in the RNF212 gene, a putative ortholog of the ZHP-3 gene that is essential for 
recombinations and chiasma formation in Caenorhabditis elegans. It is noteworthy that the 
haplotype formed by two single-nucleotide polymorphisms (SNPs) associated with the highest 
recombination rate in males is associated with a low recombination rate in females. Consequently, 
if the frequency of the haplotype changes, the average recombination rate will increase for one sex 
and decrease for the other, but the sex-averaged recombination rate of the population can stay 


relatively constant, 


ombination generates part ofthe diver 
BR sees hath 
con suggested that recombination rate 


must be highly regulated (1), as too lite re= 
‘combination can lead to inaccurate disjunction 
whereas ectopic exchange 
‘hromosomal rearrangements (4) 
Some regions in the genome, known as hotspots, 
have much higher recombination rate per phys- 
distance unit than the genome as a whole. By 
high-density single-nucleotide polymor- 
phism (SNP) data, from which historical reeom- 
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bination events can be infeed, and sperm data, 
substantial advances have been made in the un- 
derstanding of focal recombination ate (5-17). 
Furthermore, make and female recombination pat- 
tems are different in both genome-wide and re- 
gional recombination rates (7/2, 13), fis also fly 
«established that genome-wide recombination rate 
Varies substantially among women (/2, 13), and 
there have been hints that this also is true in men 
#16), 

Previously, we genotyped a large number of 
families with a genome-wide microsatellite set of 
~1000 markers. This work allowed us to estimate 
the recombination rate for thousands of men and 
women and demonstrated that maternal recombi- 
nation rate increases with the age of the mother 


and that there is a positive correlation between 
the number of children and the recombination 
joman (17), A common inversion on 
¢ 17q21.31 was also idcmitied that 
associates with recombination rateand ferlity of 
women (73), Here, we performed a genome-wide 
scan for variants associated with recombination 
rate by genotyping with the Mumina Hap300 
chip 1887 males and 1702 females with recom- 
bination rate estimates [see (79) for a description 
‘of study groups}. Afler quality filtering, 309,241 
SNPs were tested for association with recombi- 
nation frequencies, Male and female recombina- 
tion rates were studied separately with weighted 
regression where the weight of a person was 
proportional to the number of children used 10 
«estimate recombination rate, We fited an additive 
mod! with the estimated recombination rate 
regressed on the number of an allele (0, 1.02) a 
person carried. The results were then adjusted for 
relatedness between individuals and potential 
population stratification with the method of ge- 
nomic control (20). Specifically, standard ernors 
of the effect estimates resulting from the regres- 
sions were multiplied by a factor of 1.041 for 
males and 1.067 for females corresponding. 10 
dividing the chi-square test statistics by an ad 
justment factor of 1.084 = 1.041? and 1.138 
1.067° [see (/9) for quality control and statistical 
analysis} 

For the recombination rate of males, three 
SNPs achieved genome-wide significance (P « 
1.6 = 10°7, fig. SI). They were 53796619 (P 

1 = 10"), 181670533 (P= 18 * 10"), and 
182045065 (P= 1.6 = 10°"), which were all lo- 
cated within a small region in strong linkage dis- 
«quilibrium (LD) on chromosome 4p163 (Fie. 1). 
‘The sane three SNPs were also associated with 
the female recombination rate (Table 1). The last 
'Mwo SNPSachieved genome-wide significance; no 
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other SNP did. However, when we compared 
males with females, the three SNPs cach showed 
‘opposite effects. For example, allele Tof 3796619 
was associated with low recombination rate in 
males, but high recombination rate in females, 
These three SNPS were genotyped in a repli- 
cation sample of 1248 makes and 1663 females 
for whom recombination rate estimates were also 
available. Overall, 3135 males and 3365 females 
Were genotyped for the three SNPS. A total of 
4388 nuclear families and 19,578 individuals 
genotyped with genome-wide microsatellite 


. 


markers (/9) contributed to the final recombina- 
tion rate estimates confirming the original asso- 
ciations. With the samples combined, 53796619 
showed the strongest association with male 
recombination rate (P = 32» 10), and each 
copy of allele T (compared with C) was estimated 
to decrease recombination rate by 70.7 centi- 
‘momgans (eM) (Table 1), For female recombina- 
tion rate, the SNP 151670533 showed the 
stiongest association (P = 1.9 © 10"), and, 
relative to the TT homozygote, cach copy of 
allele C was estimated to increase recombination 


0.95 1 


1.05 


14 4.45 12 


Position (Mb) 


Fig. 2. (A) The pairwise correlation structure in a 300-kb interval (0.9 to 1.2 Mb, National Center for 
Biotechnology Information Build 34) on chromosome 4. The upper plot includes painwise D’ for 230, 
‘common SNPs [with MAF (minor allele frequency) > 5%] from the HapMap release 22 for the CEU 
Population (24); the lower plot includes pairwise r? values for the same set of SNPS. (B) Sex-averaged 
recombination rate (saRR) estimates (in centimorgans per megabase) inthe same interval, on the basis of 
the HapMap dataset (26). (C) Location of nine known genes in this region. (D) Schematic view of the 
correlation between recombination rates and genotypes for SNPS in the interval from the genome-wide 
association study of 1887 males (blues dots) and 1702 females (red dots). Plotted is 1090 P, where P is 
the adjusted P value, against the chromosomal location of the markers. All four panels use the same 
horizontal megabase scale indicated at the bottom of panel (D). 
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ate by 88.2 cM. The third SNP, 152045065, was 
highly comekated with 151670533 (7? = 0.99), and, 
their effects could not be distinguished from cach 
other. Henceforth, for simplicity, we focused on 
the joint effects of 3796619 and 11670533. 
Although 153796619 and 151670533 are not 
surrogates of cach other, nonetheless, they are in 
strong LD (D’ = 1, 7 = 0,60), and only three of 
the four possible haplotypes were observed in our 
ssumple. Pairwise comparisons of the eflicts of 
these three haplotypes on recombination rate were 
‘made; an additive model was assumed (Fig. 
and B), For males, haplotype [C.T] was asso- 
ciated with significantly higher recombination 
rate than both [T.T] and [T,C] (P= 3.2 = 10°? and 
7.0 » 10, respectively), Haplotype [,T] was 
associated with a slightly higher recomt 
sate than haplotype [TC], but the diffs 
‘not reach significance (P= 0.061). Hence, most, 
‘if not all, of the difference in male recombination 
rate between the three haplotypes could be eX- 
plained by SNP 153796619. For females, haplo- 
type [TC] was associated with significantly higher 
recombination rate than both haplotype [1.7] (? 
66» 10 ")and haplotype [C.T}(P=S4= 10°", 
although there was not a significant difference 
‘between the latter two haplotypes (? = 0.47). 
Hence, the ne may account 
for all the differences in female recombination 
rate between these hay 


nation rate and th 


itive model against the full model and treating 
the genotype as a categorical variable showed 
that, in both eases, these resus were not sig 
nificantly different from that expected under the 
additive model (P= 0.77 and 0.68, respectively. 
It is noteworthy that haplotype [CT] was asso- 
ciated with high mae recombination rate and low 
female recombination and that the exact opposite 
was truc for haplotype [T.C, To ensure that th 
observations were not an aniact of estinstit 
recombination rates through family linkage data, 
however unlikely, we analyzed the data of 21 
couples, a subset of the 3138 males and 3368 
females studied. When the genotypes of the 
spouses were included in the regression, they 
\Were not statistically significant and did not affect 
the association between the genotypes of the in- 
dividuals and their estimated recombination rates 

Association results for individual chromo- 
somes, with the estimated effect presented as a 
‘percentage of the average recombination rate of a 
chromosome, are displayed in Fig. 3 (see 
for effects in centimorgans). For males, allele Tot 
133796619 was estimated 10 have a negative ef 
fect on recombination rate for 21 of the 22 auto- 
somes, and this effect was significant (P < 0,05) 
for 13 chromosomes. Although this supports the 
hypothesis that the effect of the variant is indeed 
‘zenome-wide, a test of heterogeneity indicated 
that the percentage change is not the same forall 
chromosomes (P= 0,001), For females, allele C 
‘of 151670833 was estimated 10 have a positive 
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Table 1. Association of sequence variants with male and female re- 153796619) in the 
‘combination rate. The two alleles of each SNP, 153796619, 151670533, and 
52045065, are shown. The frequency of the first allele (e.g, allele T of 


the second allele. 
Male recombination rate 


sample 
‘additive model. Displayed 


' given. Effect is estimated on the basis of an 
is the estimated effect of the fist allele relative to 


Female recombination rate 


eae sii Effect (ci) (95% Cll ° Effect (a) (95% Cl D 
‘Genome-wide 
188701702F 153796619 (HO (32.9) 819 aix10 67. 79x10 
151670533 (CM) (22.5) “66.1 18x10" 8 4ax10 
152045065 (GIA) (22.5) 66.2 16x10" 922 6.010" 
Replication 
1248/1663F 153796619 (TIO) (32.8) 152 35x10 374 0.025 
151670533 (C7) (23.0) aS 21x10 82.9 5.4 x 10-6 
152045065 (G/A) (22.9) aa 28 x 107 790 1.6 x 10° 
Combined 
3135N3365F 153796619 (T/C) (32.9) 70.7 [-84,3, -57.1] 32x 10% 54.3 (32.1, 76.5] 1.6 x 10-6 
151670533 (CM) (22.7) 69.4 [-84.6, ~54.2] 28x 10" 86.2 (63.7, 112.7] 1.9 x 10° 
152045065 (GIA) (22.6) 769.3 [-845, -54.1] 33x10" 86.1 (61.4, 110.8] 8,6 «10-2 
B Females ta ‘within this LD block (Fig. 1). The SPON2 gene 
may act as an opsonin and pattem-tecognition 
molecule for a range of pathogens. through 
tection of carbohydrate structures and activa 
tion of macrophages. The RNF2/2 gene has not 
anrgrae axe-sssan been characterized, but homology searches in- 
ot poner” 


Fig. 2. (A and B) Difference in recombination rate between the three haplotypes of 53796619 and 
151670533. Size of the circle is proportional to the frequency of the haplotype in the population 
(67.1% [C,1, 22.7% I1,C], 10.2% [1,1}). Each arrow indicates the comparison of two haplotypes 
and the difference of the haplotype the arrow is pointing to relative to the second haplotype. 


effect on recombination rate for 22 of the 23 
chromosomes, 13 of them significantly 0, Unlike 
mals, for females, a est of heterogeneity was not 
significant (P > 0.05), but chromosome 21 stoox! 
‘out as one that gives an estimated effect in the 
‘opposite direction, 

Relative to the population average, each copy 
‘of 13796619 T was estimated to decrease male 
‘genome-wide recombination rate by 2.62%. For 
191670833 C and female genome-wide recombi- 
nation rate, the estimated effect wats an inerease 
of 1.87%, From the regression resus, 53796619 
T explained 3.5% of the variation in male 
recombination rate and 181670833 C explained 
1.7% of the variation in femake recombination 
rate. These numbers, however, substantially under- 
estimate the total parental effet explained by 
these variants. This is because, on the basis of the 
recombination counts of a few children only, the 
inherent recombination rate of an individual, 
‘which mathematically can be viewed as the 
average recombination counts in the children (if 
the person were to have an infinite number of 
children), was measured with substantial enor. 
‘The latter has to be estimated and deducted from 
the total variation in the regression analyses in 
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‘onder to properly evaluate the contribution of the 
identified variants. Witha method that utilizes the 
different chromosomes ats pscudo-replicates, we 
«timated that about 6.6% of the total variation in 
the paternal recombination count of a child coukl 
be attributed to a systematic effect associated 
With the father [see (79) for a description of the 
method and the decomposition of the total 
Variation into various components}. A systematic 
matemal effect was estimated 10 account for 
about 11% of the variation in the maternal re- 
‘combination count of a chikl, For the fers and 
mothers in this study, who have, on average, 
about 2.75 genotyped chiklren, the patemal eflect 
accounted for ~16% of the variation in the es- 
timated recombination rates of the fathers, and 
the matemal effect accounted for ~26% of the 
Variation in the estimated recombination rates of 
the mothers. Hence, 153796619 explains about 
22% (3.5/16) of the patemal effet, and 151670533 
explains about 6.5% (1.7/26) of the matemal 
effect. 

‘The three SNPs with the strongest association 
With recombination rate in males and females 
Were located in an LD block spanning 200 kb. 
Two genes, SPON? and RNF2/2, are located 


dicate that the gene encodes a RING finger pro- 
tein that may bea ubiquitin ligase, Gene onholog 
‘predictions suggest homology between the mam- 
malian RNF2/2 gene anxl the ZHP-3 gene (a 
homolog of the Z/P3 gene in yeast), which ts 
involved in meiotic recombination (21) (lig. S3) 
Meiotic recombination is likely t0 depend, in 
lange part, on recombinatorial repair of peo 
grammed meiotic double-strand breaks (22), The 
synaptonemal complex (SC), a structure formed 
bby close association of axes of homologous sister 
c’chiromati pairs, is essential for crossover forma 
tion and completion of meiosis (23), Three pro- 
tcins involved in this complex, Zip2, Zip, and 
Zips (from the yeast Zip genes), mediate prote 
protein interactions (23). On the basis of ge 
knockout experiments, the Z/P3 homolog 
Caenorhabditis elegans, ZHP-3 (KO2BI28) is 
essential for reciprocal recombination between 
homologous chromosomes and, thus, for chias- 
sma formation (2/). Similarities between distantly 
related onganisms, such as Saccharomces cerevisiae 
and © elegans, suggest that the structure and 
function of the SC is conserved among distantly 
related species. This suggests that the RVF2/2 
‘gene may play a crucial role in recombination 
and assembly of the SC (2/) in mammals, as 
do their putative orthologs in C: elegans and 
S cerevisiae. Although the conservation between 
RNF212 in humans and ZHP-3 in C. elegans is 
limited (36 out of 118 amino acids in the RING 
finger domain) (27), our findings support the idea 
that the RNF2I2 protein may be involved in 
recombination. 

In the LD block containing RVF2/2, on the 
basis of the HapMap group composed of 
European Americans (CEU), data release 22 (24), 
there are a large number of SNPs highly corre- 
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Fig. 3. Effect on recombination rate for individual chromosomes and all chomosomes combined. 
Estimate and 95% confidence interval are displayed for percentage change. (A) Effect of allele T of 
153796619 in males. (B) Effect of allele C of 151670533 in females. 


lated with cither 83796619 oF 151670533 oF with 
haplotypes formed by alleles of the two 
Nine SNPS tag 153796619 and 43 SNPS tag 
141670833 with a pairwise corelation coefficient 
1? > 0.9, One of the SNPs strongly correlated 
with 133796619 is rH O4S481 (77 = 0.96), a sient 
(synonymous) SNP in the third exon of RNF2/2 
MRNA (BC050356), A deletion, 533995490, in 
the eo 
ANI 
lated with allele C of 1816705 1.0) (figs 
Thus, these variants may affect re 
‘combination rate, but funetional work is required 
salty. We sequenced the exons of the 
2 gene and did not find any other com- 
mon costing variants in the RefSeq Gene variant 
(NM _194439.1) that could account for the ob- 
served association with recombination rate (see 
table S2 for details) 

A phylogenetic analysis of a $5-kb region 
containing 153796619 and 191670833 in the 
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HapMap dita (24) revealed thece wel ifferentiated 
clusters of haplotypes showing notable differ- 
ences in frequency between the Yoruban Nigeri- 
ans (VRID) and CEU and East Asians (CHB and 
JPT) (fig. $6). The [CT] and [TC] haplotypes 
that associate most strongly with recombination 
rate have a combined frequency of only 17% in 
the YRI sample, but reach a frequency of 91% 
and 98% in the CEU and East Asian samples, 
respectively. Several SNPS in this region show an 
unusual degree of divergence among the HapMap 
‘groups, on the basis ofthe rank percentile oftheir 
‘Fx Values (Wright's coeflicent, a measure of var- 
iance in allele frequencies among populations) 
among all autosomal SNPs with the same over- 
all frequency in the HapMap. Specifically, we 
identified cight SNPs whose Fgy values are in 
the top 0.5% for differences between the YRI 
and East Asian HapMap samples and also in 
the top 5% of differences between the YRI and 
(CEU samples. Each of these SNPs differentiated a 
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subset of [T,T] haplotypes from the rest, perhaps 
indicating an episode of positive selection (or a 
severe founder effect) that increased the fiequen- 
€¥ of [C.T] and [T.C] haplotypes in the ancestors 
of European and East Asian populations. 
Although an inversion on 17g21.31 has pre= 
viously been associated with recombination rate 
in women, the variants described here are shown 
to associate with both male and female recombi- 
nation rate. Notably, they are associated with op- 
posite effects in the two sexes. It is possible that 
‘Variants with such properties are unique t0 1re- 
combination rates, Biologically, the processes of | 
‘male and female recombination are different (25), 
‘which may allow such variants 10 exist, These 
‘variants could serve a key function fiom an evo- 
lutionary perspective, as they allow the transfer 
fof the recombination contribution fiom one sex 
to the other with minimal impact on the average 
recombination rate for the population as a whole, 
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RTS 
Hepatic Glucose Sensing via the SS eee 
CREB Coactivator CRTC2 reese conection of idle 


Jucose modulate gene expression in part by trig- 


Renaud Dentin,” Susan Hedrick,” Jianxin Xie,” John Yates I, Marc Montminy™ gering the O-glycosylation of 

Chronic hyperglycemia contributes to the development of diabetes-associated complications. 

Increases in the concentration of circulating glucose activate the hexosamine biosynthetic eytes. Amounts of ( 

pathway (HBP) and promote the O-alycosylation of proteins by O-glycosy\ transferase (OGD. CRTC2) increased after treatmen 

We show that OGT triggered hepatic gluconeogenesis through the O-glycosylation of the transducer related analogs (mannose, fructose, oF galactose), 
of regulated cyctic adenosine monophosphate response element-binding protein (CREB) as detected by Westem blotting of CRTC2 im- 
2 (TORC2 or CRIC2). CRTCZ was O-alycosylated at sites that normally sequester CRTC2 in munoprecipitated with antiserum that recog- 
the cytoplasm through a phosphorylation-dependent mechanism. Decreasing amounts of nizes O-glycosylated proteins (/0) (Fig. 2A and 


O-glycosylated CRICZ by expression of the deglycosylating enzyme O-GlcNAcase blocked effects fig. S2). Glucose analogs and GleN also stimu- 
Of glucose on gluconeogenesis, demonstrating the importance of the HBP in the development lated CRE-luc activity in primary hepatocytes, 
of glucose intolerance. but nonmetabotizable sugars (2-deoxyghicose 
and L-glucose) and glycolytic intemnstates down 
1 fasted animals, inereases in the concen- (Fig. 1B). Further demonstrating the ability of the steam of the HBP did 1 

[ess of circulating pancreatic glue CREBCRTC? pathway to mediate To determine whether the HBP is required for 
er the gluconeogenic program in part by responsive transcription, treatment of cells with — glucose-stimulated activation of CRTC2, we used 
stimulating the deph Glu or GleN increased the activity of a CRE- inhibitors of L-glutamine fructose-‘-phosphate 
at Ser 171 (1, 2), CRTC2 is sequestered in the luciferase (CRE-tuc) reporter containing only amido transferase (GFAT), the rate-limiting 
eytoplasm through an association with 14-33 CREB binding sites in contol cells but not in zyme in this pathway (12). Compared with he 
proteins in Is fed ad libitum but trans-  CRTC2-deficient cells (Fig. 1C). In line with —patocytes exposed to high glucose alone, cells 
Jocates to the nucleusafter its dephosphorylation, these changes exposure of cells to Glu orGleN incubated with the GFAT inhibitors 6-diazo-S- 
Where it mediates transcriptional activation by also promoted the dephosphorylation and nu- (DON) or azase 

binding to CREB. 
In response to refeeding. ine 


os in circulat 


ing oman fea rte FBR Attn of RTC 2) gt 
Ii ine ston at mach bed Oh a aT ES 
ubiquitin-dependent degradation of 26) 4 + hace 
satire sera® memiaeeks : 
duced in diabetes because of insulin resista 2 Wik: GO, GS, G25) and a 

rol dts cae in masa 23 G2) ard 2 
and chronic increases in circulating concentra- re (6 hours) on amounts 2 
timsef gre witha wire Bose ‘ 

ah, wich amr Wir hn cae tha pry : 
nen om ce eich 09, em a on eae 
eames mma eck scare 35 ace meoeeats eae mi ios 
rubra (MP) repose cent (CRE) Senger ee ‘=| oo 
ote pero tps Oe) pemer eeee ® 
Grnied br cotreryin cos park Sona eae s 
reponse usec (h weep te mic ot ap tee EE ine = 
CRTC? in this process. down on amounts of CRIC2 2: 
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Exposure of primary mouse hepatocytes to protein relative to control 
various concentrations of glucose (Glu) or glue cells (For this and subsequent 
cosimine (GleN), an intermediate in the HBP, — figures, the P value was de- 
stimubted gluconeogenic gene expression (GéPase termined using a two-tailed 
an! PEPCK) and increased glucose output fiom unpaired Student’ test. P< 
primary mouse hepatocytes: these effects were aug- 0.05 for USi compared with 
mented by the adenyl cyclase activator forskolin CRTC2i cells; n = 3). (B) Ef- 
(FSK) (Fig. 1, A and B, and fig. SL). CRTC2 ap. fect of Glu and GleN with or 
peared critical is this regard because Glu and GleN Without FSK (10 uN 6 hours) 


did not promote the accumulation of GéPase or 0" WidHypeand CRE-mutant 
PEPCK miRNAS cel exposing CRTCD RNA GSS cere reporters 
imerference (RNAi). Exposure to Glu oF GIeN tom) from pimary mouse 
also increased willaype GoPase promoter ac-  pepatoytes Cell were pes 


tivity cooperatively with FSK in hepatocytes but jngubated in glucose for & 
had no elect on a CRE-mutant G6Pase reporter jours, washed, and then as- 


‘ ————________sayed for glucose release into 
we Arcoereeny parr oer setsematel  Slucose-free medium over a 1-hour period. (C) (Top) Effect of Glu and GleN on CRE-uciferase reporter 
Tendon Task Line, Demers, MA 01923, USA "the activity in Ust- and CRICZi-expressing mouse hepatocytes, as in (A) (P < 0.05 relative to control cells = 3). 


‘Scripps Research institute, 10550 North Torrey Pines Road, (Bottom) Western blot of phospho (Ser’”+) and total CRTC2 in hepatocytes exposed to Glu or GicN. (D) 


La Jolla, CA 92037, USA. Immunofluorescence analysis of CRTC2 localization in hepatocytes exposed to Glu, GeN, oF FSK for 6 
‘To whom correspondence should be addresed. E-mait: hours and stained for endogenous CRTC2. DAPI staining shown to visualize nuclei, White arrows point to 
smontminy@salk. edu representative cells with nuclear CRTC2 staining. 
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ounts of OG-CRTC2 (Fig. 2B and fiz $3). 
DON and AZA also inhibited CRTC2 nuclear 
translocation and CRE-luc activation by glucose, 
supporting the idea that the HBP mediates effects 
‘glucose on CRTC2 activation in hepatocytes 

‘O-glycosylation and phosphorylation often 
exert reciprocal effects on protein activity (12) 
Indeed, phosphorylated CRTC2 (P-CRTC2), de 
tected by immunoblotting, was confined to the 
eytoplasm, whereas OG-CRTC2 was detected pri- 
marily in nuclear fractions of ghucose-stimutated 
hepatocytes (Fig. 2C), In chrom nopre- 
Cipitation (ChIP) assays, amounts of OG-CRTC2 


glucose (25 mM) (Fig. 2D and fig. $4). Blocking 
CRTC2 O-glyeasylation with DON disrupted t 
effects of glucose on CRTC2 recruitment; and 
co-incubation of DON-treated cells with GleN 
rescued both CRTC2 O-glycosylation and occu- 
pancy of the G6Pase promoter 

In mas spectrometry studies to characterize 
O-glycosylation sites in CRTC2, we identified 
six residues, two of which (Ser” 


‘mutational analysis (Fig 
tant CRTC2 pro 
at both Ser” and Ser!” was not detectably O- 


sequestered in the cytoplasm by 14-3-3 proteins 
through phosphorylation at Ser”® and Ser!”™ by 
members of the AMP-activated protein kinase 
(AMPK) family of Sex-Thr kinases (13, 2), Con- 
sistent with the proposed role of O-glycosylation 
in blocking protein phosphorylation, alanine muta 

tionsat Ser” and Sex! disrupted the CRTC2:1433 
interaction and promoted localization of these 
mutant CRTC2 proteins to the nucleus (Fig, 3, B 
and C, and fig. $6), Phosphorylation-defective 
Sef”Ala and Ser'”'Ala mutant CRTC2 proteins 
were also more active than wild-type CRT 
stimulating CRE-lue activity under basal condi- 


associated with the G6Pase promoter increased glycosylated afer exposure of hepatocytes to high tions: (fig 'S5). Conversely, substitution of Ser” 
after exposure of cells to high concentrations of — glucose concentrations. In resting cells, CRTC2 is and Ser’ with aspartate, 10 mimic constitutive 
B oy D 8 28 08 cas cas 02s 
oo a © eee 
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Fig. 2. Glucose stimulated O-gjcosylation, nuclear translocation, and recruit 
iment of CRTC2 to gluconeogenic genes. (A) Effect of Glu (25 mi) and related 
‘analogs (mannose, fructose, or galactose) or the nonmetabotizable analog 
2-Deoryglucose (DOG), the HBP intermediate GIeN, or the downstream glycolytic 
intermediate dinydroxyacetone phosphate (DHA) on amounts of O-gycosylated 
CRIC2 (0G-CRTC2) (top) and on CREuc activity (bottom) in primary mouse 
hepatocytes. (*, P< 0.05 compared to control: n = 3). (B) Effect of GFAT 
inhibitor DON on amounts of OG-CRTC2 (top) and on CRE-Iuc activity bottom) 
in hepatocytes exposed to 5 mat glucose (G5), 25 mM glucose (G25), or GleN 


for 6 hours. Amounts of phospho (Ser’”*) CRIC2 (P-CRIC2) and total 
CRTC2 are shown, (*, P< 0.05 compared with control; n = 3). (C) Western 
blot showing amounts of OG-CRTC2 and P-CRTC2 in nuclear and cyto- 
plasmic fractions of primary hepatocytes exposed to G25, G25 and DON 
(DON), oF GS (C). Control nuclear (CREB) and cytoplasmic (ACC) proteins 
shown. (D) ChIP assay showing effect of low (5 mM) or high (25 mM) 
concentrations of glucose on recruitment of CRTC2 to the GéPase promoter in 
hepatocytes. Effects of GFAT inhibitor (DON) and glucosamine (GlcN) are 
indicated (n = 2). 


c wr 70 sia 


Fig. 3. O-glycosylation at Ser” and Ser”? increases CRIC2 activity by disrupting 14-3-3 binding. (A) 
Immunoblot showing relative O-glycosylation of wild-type and mutant CRTC2 proteins containing two Ala 
substitutions at major O-lycosylation sites (S70,171A). HepG2 hepatocytes were exposed to low (5 mA) or high 
(25 mi; G25) concentrations of glucose. (B) Relative binding of wildtype and Ser?”*Ala mutant CRTC2 to 14-3-3 
proteins in primary hepatocytes exposed to G25 or G25+DON (Don). 14-3-3 protein was recovered from 
immunoprecipitates of wildtype CRIC2 and Ser"”*Ala CRIC2 proteins. (C) Immunocytochemical analysis 
showing subcellular localization of wild-type and Ser’°Ala or Ser*”*Ala mutant CRIC2 proteins in control or 
F5k-treated HepG2 cells. DAPI staining shown to visualize nuclei (n = 3). (D) Effect of Glu and FSK 
exposure on G6Pase luc reporter activity in HepG2 hepatocytes expressing wild-type CRTC2 (WT) and O- 


alycosylation defective (S70A, S171A; $70,171D) CRTCZ constructs, or empty vector control (CON). 
Comparable expression of wild-type and mutant CRIC2 proteins was verified by Western blot. (*, P < 0.05 compared with S mM glucose; n = 3). 
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Fig. 4. Modulation of O-alycosylation and transcriptional activity of CRTC2 by 
GT and GCA. (A) (Top) Coimmunoprecipitation assay of HEK293T cells using 
epitope-tagged CRTC2 and OGT proteins. Amounts of CRTC2 recovered from 
IPs of OGT shown, O-glycosylation of CRTC (OG-CRTC2) by OGT was detected 
by immunoblotting, (Bottom) Effect of Ad-OGT or control Ad-GFP on amounts 
‘of G6Pase mRNA in primary hepatocytes exposed to various concentrations (0, 
5, oF 25 mM) of glucose (Glu) of glucosamine (GleN) (10 mA for 6 hours. (P< 
1005 for OGT compared with GFP-expressing cells; n = 3). (B) Effect of OGT 
small interfering RNA or unspecific control (US) on amounts of OGT oF 


is oie 


‘amounts of OG-CRTC2 (top) and on gluconeogenic gene expression (G6Pase) 
(bottom) in hepatocytes exposed to various concentrations of Glu or GleN. (+, P< 
0.05 relative to control: n = 3). (C) Effect of Ad-O-GleNAcase (GCA, either 
‘alone or in combination with Ad-OGT on CRTC2 O-glycosylation (top) and CRE 
luc activity (bottom) in hepatocytes exposed to GleN as indicated for 6 hours. 
Wedge shape indicates increasing amounts of Ad-GCA. (*, P<0.05 relative to 
‘control: = 3), (D) Effect of GCA inhibitor PUGNAc on amounts of OG-CRTC2 
(top) and CRE-Luc activity (bottom) in cells exposed to 5 mM or 25 mMt Gla (*, P< 
(0.05 relative to control; n = 3). 
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Fig. 5. Induction of gluconeogenesis by OG-CRIC2 in response to hyperalycemia. Each panel shows in 
vivo gluconeogenic profiles, which include hepatic CREuc activity (top left), blood glucose 
concentrations (top right), immunoblot of hepatic OG-CRTC2, P-CRTC2, total CRTC2, P-AKT, AKT, and 
GT proteins (bottom left), and mRNA amounts for PEPCK and G6Pase (bottom right). (A) Gluconeogenic 
profiles of wild-type and dbidb mice, (*, P-<0.05 relative to control; n = 4 mice per group for all panels). 
(B) Effect of Ad-GCA or control Ad-GFP on gluconeogenic profiles of wi 

Gluconeogenic profiles of Ad-GFP and Ad-OGT expressing mice fed ad libitum. (D) Effect of Ad-CRTC2 
RNAi or unspecific RNAi (USi) on gluconeogenic profiles in AG-GFP and Ad-OGT mice, 


type and dbidb mice, (C) 
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phosphorylation at these sites, disrupted effects 
‘of glucose on CRTC2 activity in hepatocytes, con- 
fimning the importance of these sites for transcrip- 
tional regulation in response to glucose (Fig. 3D). 

Orglycosy! transferase (OGT) catalyzes the 
O-zlycosylation of cellular proteins in response 
toractivation of the HBP (9), In prtcomic studies to 
identify CRTC2-asociated proteins, we recovered 
OGT fiom IPs of CRTC2 (fig. S7). We eonfinnat 
the CRTCZOGT interaction in IP studies using 
epitope-tugued OGT and CRTC2 constructs (Fig. 
4A) Overexpression of OGT increased amounts of 
along, 
with gluconeogenic gene expression (G6Pase) in 
hepatocytes (Fig. 4A and fig. S8). Conversely 
RN. 


(22). Expression of adenoviral en 
(AG-GCA) in hepatocytes reduced amounts of 
OG-CRTC2 and disrupted CRE-uc activity in 
response to GleN and to Ad-OGT (Fig. 4€), 
‘Conversely, twating cells with GCA inhibitors O- 
(2-aeetamido-2-<Jeoxy-D-glucopyranosylide: 
amino N-pheny! carbamate (PUGNAc) or strep- 
tozotocin (STZ) (14) increased amounts of OG. 
‘CRTC2 and stimulated CRE-Iuc activity (Fig. 4D 
and fig. S9). These results support the notion that 
OGT and GCA exert counter-regulatory effects 
‘on CRTC2 O-glycosylation and a 
hepatocytes. 

We evaluated whether chronic increases in 
circulating glucose concentrations are sulfici- 


Coiled-Coil Irregularities and 


cent to trigger CRTC2 O-glycosylation and gluco- 
neogenic gene expression in vivo using insulin 
resistant dbidb diabetic mice and mice fed a 
high-fat diet (HED). Dhdh and HED mice had 
higher gluconeogenic profiles, which include 
hepatic CRE-Wuc activity, gluconeogenic gene 
expression, circulating glucase concentrations, 
and amounts of hepatic OG-TORC2, than did 
control animals (Fig. SA and figs, $10 and S11). 
Distupting CRTC2 O-zlycosylation in HIFD and 
dbidb animals through expression of hepatic 
Ad-GCA lowered the gluconeogenic profile (Fi 
SB and fig. S12), As a result, HED and dvidh 
mice expressing Ad-GCA showed increased glu- 
cose tolerance and insulin sensitivity. Although 
GCA could improve glucose homeostasis by de- 
slycosylating components of the insulin signaling 
pathway, Ad-GCA expression in liver down- 
regulated the gluconeogenic profile compara- 
bly t AG-CRTC2i in streptozotocin-diabetic 
mice, in which hepatic insulin signaling is abscat 
asa result of the destruction of insulin-progucing 
pancreatic beta cells (ig. S13). Conversely in- 
creasing OG-CRTC2 amounts through expres: 
sion of Ad-OGT in liver enhanced gluconcogenic 
profiles in wiki-ty $C and fig. S14), 
We tested whether CRTC2 was required for Ad- 
OGT-mediated induction of the gluconcogenic 
‘program in RNAi knockdown studies. Relative 
control AG-OGT animals expressing unspecific 
RNAI (AGUSIL AGOGT mice coinjected with 
AG-CRTC2 had lower gluconeogenic profiles 
(Fig SD and fig. S14). 

‘Chronic hypenglycemia is thought to contrib- 
lute 10 the development of disbetesassociated 
‘complications in part by activating the HBP and 
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‘Antigenically variable M proteins are major virulence factors and immunogens of the human 
pathogen group A Streptococcus (GAS). Here, we report the ~3 angstrom resolution structure of a 
GAS M1 fragment containing the regions responsible for eliciting type-specific, protective 
immunity and for binding fibrinogen, which promotes M1 proinflammatory and antiphagocytic 
functions. The structure revealed substantial irregularities and instabilities throughout the coiled 
coil of the M1 fragment. Similar structural irregularities occur in myosin and tropomyosin, 
‘explaining the patterns of cross-reactivity seen in autoimmune sequelae of GAS infection. Sequence 
ideatization of a large segment of the M1 coiled coil enhanced stability but diminished fibrinogen 
binding, proinflammatory effects, and antibody cross-reactivity, whereas it left protective 
immunogenicity undiminished. Idealized M proteins appear to have promise as vaccine 


jimmunogens. 


proteins are major vinulence factors of 
group A Sireplococcus (GAS), a bacte- 
rial pathogen responsible for mild-to 


threatening diseases against which mo yac- 
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«ines currently exist (1). Fibsils of ~S00 Along 
M protein form a dense, covalently attached 
coat on the streptococcal surface (2, 3}, Host 
‘Proteins, such as fibrinogen (4), bind specifically 
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increasing protein O-zlycosylation at regulato- 
1 phosphorylation sites (/2, /5). Reducing the 
O-elycosylation of CRTC2 and other metabolic 
regulators may improve ghicase homeostasis and 
reduce Jonge complications associated with 
this disease, 
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to M proteins and block deposition of opsonic 
antibodies and complement, preventing phago- 
etic elimination of GAS by neutrophils (T,5). 
A clone expressing the MI antigenic variant 
‘of M protein emensed nearly three decades ago 
and has persisted as the leading cause of severe 
invasive GAS infection (6), Intact MI and MI 
fragments released by neutrophil proteases are 
sufficient to evoke pulmonary hemorhage, in- 
flammation, and tissue destruction that is char- 
acteristic of severe infection (7), These effects 
depend on M1 binding to fibrinogen, which trig- 
heparin binding protein (HBP), 
: from neuro 


phils (7). 

M proteins are also prominently associated 
With autoimmune sequcle of GAS infection, 
such as rheumatic fever, which is problematic 
for vaccine development (8) and remains a 
serious threat in the developing world. In theu- 
atic fever patients, potently immunogenic M 
proteins elicit cross-reactive antibodies. and T 
cell receptors directed against host a-helical 
coiled-coil proteins, such as myosin and tropo- 
myosin (/). Cross-reactivity is probably attribut- 
able to molecular mimicry, as M proteins appear 
to form coiled coils as well (2,3, 9, 10). As with 


SCIENCE VOL319 7 MARCH 2008 


i] REPORTS 


1406 


mia Fig. 1. (A) Mature MA results from 
deavage (arrowheads) of the N- 
terminal signal sequence and the 
terminal Leu-ProXThr-Gy motif 
(here X is any amino acid) and 
covalent attachment of the C termi- 
nus to the cell wall. Boundaries of 
the A region, B repeats, S region, 
CC repeats, and D region are indi- 
cated, (B) (Top) a-d and d-d (prime 
refers to the opposing helix) pack- 
ing in parallel dimeric coiled cois. 
Broken edges indicate helices point- 
|n 192 ing the N to C termini into the page. 
stagger 


o 


(Bottom) Heptad register indicated 
above and below the sequence (a 
facumnegl and d position residues boxed) of 

the MIA region (blue) and B re- 

peats (green). The circled residues 
are destabilizing to coiled coils, with 
relative instabilities AAG,(Ala) < 0 
(12), Italicized residues form an- 
tiparallel coiled coils in the crys 
tal. Residues highlighted in yellow 
and orange were substituted with 
Val and Leu, respectively, to create 
MI" and MI“**. (© Tail-to-tail pack- 
ing of the two M1 dimers in the 
asymmetric unit of the crystal (blue, 
‘A regions; green, B repeats). 


Zecreryse 
wOR KOM On Re 


A Als Superhelical Fig, 2. (A) Structure of 
‘unwinding Mi" (blue, A region; 
o "green, B repeats) with 
boxed regions and label- 
ing indicating imequiarities. 
(B) Ala stagger shown by 
‘superposition of Ca traces 
of MIM residues 70 to 
97 (orange) with the 
ideal coiled coil of GCN4 
(purple). (©) Conforma- 
tion of individual helices 
{rom the two M1” dimers 
fn the asymmetric unit, 
superimposed on main 
chain atoms of residues 
60 to 77. The position of 
the Ala stagger is indi- 
‘ated by the arrowhead. 
(D) Conformation of Lys” 
‘and Arg’ in the two M"® 
dimers in the asymmetric 
unit, with heptad postions 
of residues indicated in 
parentheses and polar 
contacts in red dashed lines 
(with distances shown). (E) 
(Top) Schematic of ot 
and d-a’ packing in an- 
tiparallel dimeric coiled 
«cil. The broken wedge indicates the helix pointing the N to C termini into the page, and the solid 
wedge denotes out of the page. (Bottom) Antiparalle! coiled coil of B repeats, with side chains of a and 
d position residues depicted and labeled. 


myosin and tropomyosin, M_ proteins contain 
coiled-coil destabilizing sequences (//-13)—that 
js insertions within heptads and changed residues 
and Ala residues at a and d heptad positions 
Fig. 1). 

To understand the effects of such unusual se- 
quence features in M proteins, we exystalized a 
ffagment of MI (called MI, residues 42 10 194) 
(U4), The MI fragment contains the A re 
whose first $0 residues, known as the hyper 
lable egion (HIVR), elicit typospecifi, protective 
antibodies (S) and are part of a promising. mul. 
tivakent vaccine in elnical wits (/5). The fragment 
alyo contains the B repeats, which are implicated 
in fibrinogen binding (4) and were sufficient to 
bind fibrinogen fragment D (FeD) (/6) (ig. SU). 
MIM" is similar to a proinflammatory fragment 
generated by neutrophil proteases (7), 

The 3.04 A resolution structure of M. 
revealed that, whereas most of the A region 
farmed a dimeric, parallel coiled coil, the B 
repeats had splayed! apart and intertwined with 
the B repeats of adjacent MI** molecules via 
antiparallel coiled coils (Fig. 1C, fig. S2, and 
table S1), The antiparallel association was prob- 
ably an artifact of crystallization but is sugges 
tive of instabilities in the B re 

Except fortwo short stretches of ideal parallel 
coiled coil (residues 63 10 79 and 106 t 
structure of M1" was irregular throug! 
~200 A length (Fig. 2A), The first of four major 
imegularties was an Ala stagger in the VR 
Poor packing of three Ala resis clustered at 
and positions fed to focal deformities: that i, a 
tightening of the coiled-coil radius from $.0 10 
425.A.a-25 A asymmetric staggering of opps 
ing helices, and a exible hinge (Fig, 2, B and C, 
and fig. $3). Similar staggers and bends ovcur 
tropomyosin (17, 18) and eardine myosin 79) and 
are suggested to provide flexibility for function, 

The second form of fmegularty was su 
helical unwinding due to Lys and Ang! at 
successive a positions, These residues faced 
away fiom the coiled-coil core and contacted 
solvent-exposal residues (Fig, 2D), resulting in 
a loosening of the coiled-coil pitch from 150 A 0 
~200 t0 225 A and an expansion of the coiled- 
coil radius to $4 A (fig. $3). Unwinding result- 
ing from Lys and Arg residues at «positions his 
‘bccn implicated in myosin finetion (19, 20) and 
also occurs in tropomyosin (J7). 
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‘The thind imegularity was attributable to an 
‘extra residue in the first heptad of the B repeats 
(Fig. 1B). The destabilizing effect of eight res 
‘dues in a heptad (/3) was accommodated by a 
1 frameshift in the heptad register, precluding 
‘continuation of the parallel coiled coi. The fourth 
imegularity followed with the splaying apart of 
the B- repeats and the formation of antiparallel 
coiled coils. The antiparallel orientation, with its 
df (prime refers 10 the opposing helix) core 
pricking (Fig. 2E), was probably preferable to the 
parallel orientation with its a-a* change-change 
clashes and ced’ Ala-A\la packing. Splaying at the 
‘ends of myosin (/9) and tropomyasin (21, 22) 
oiled coils also occurs and is. implicated in 
function, 

Consistent with the prevalence of structural 
imegularities in MI", the circular dichroism 
(CD) spectrum ofthis fragmentat 37°C showed a 
‘marked loss in a-heical content and a 222:208 nm 
ratio = 1 (Fig 3A), Because this ratio is > 1 for 
coiled coils and < 0.86 for isolated helices (23), 
these data suggested that MIM exchanges between 
monomer and dimer states. This conclusion was 
supported by static light-scattering measurements, 
\hich provided evidence for the coexistence of 
MIM monomers and dimers (fig. S4), 

Intact MI (residues 42 to 453) showod 3 
omparable loss of ashelical content at 37°C 
3B) (10), To determine whether monomer 
dimer exchange aso occurred in intact M1, we 
incubated Hisy-tagged! MI dimers (M1-1/MI-HD) 
with untagged MI dimers (MIMI). Dissocia- 
tion and exchange producing MI-HMI hetero 
dimers was evident at 37°C but not at ower 
Temperatures (Fig. 3C), Similarly, dissociation of 
MI-IVML heterodimers occurred at 37°C but not 
at lower temperatures (Fig. 3C), These results ind 
‘cated that stnictural instabilities in MI. although 
dampened! at low temperatures, ane prominent at 
physiological temperature 

To investigate the role of structural in- 
stability in M1, we focused on the B repeats, 
‘owing to their sullicieney for fibrinogen bind 
ing, Thirtcen substitutions were introduced 10 
set a and d positions in the B repeats to Val and 
Leu, respectively, yiekling MI* (residues 42 10 
453) and MI*®* (residues 42 to 194) (Fig. 1B 
and fig. SSA). These substitutions made the core 
residues optimal for the formation of dimeric 
pale coiled coils (12, 24), In addition, we 
deleted Leu"? from M1* and MI*®* | yielding 
MIS8EB9 and MIABAEB respectively] to 
remove the frameshift in the B repeats (fiz. SSB). 

All mutant protcins contained greater a 
helical content as compared with wikk-type (WT) 

ins at 37°C (Fig. 3). Athough enluunced in 
both MI* and MI*®49 bound 
ily less FD than did WT MI at 37°C 
to human innmuno- 
itlobulin Gs, an interaction dependent on MI 
regions outside the B repeats, was unaffected 
(fig, 6). Consistent with these results, human 
neutrophils stimulated with MI*™"™ released 
substantially less HBP as compared with MI 
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(Fig. 4C), Furthermore, when M1 was injected 
intravenously into mice, intraalveolar edema 
\was evident by 30 min in lung histopathologies of 
4 out of 4 animals (Fig. 4D), but vascular kakaze 
‘was absent in all mice injected with MI*84) 
MI*#"® did retin some proinflammatory activ= 
ity, vascular congesion was comparable for Ml 
‘and M1828, 

We next examined the crnss-reactivity of 
idcalized M1 using an extensively charactesiaed 


MRE (rdegrem drat’) x 102 
beetesteees 


MRE (mdegrn-drme)x 10 OD 
beetttesece 
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gxoup of cross-reactive monoclonal antibodies 
(mAbs) (25). In this group, mAb 36.2.2, which 
recognizes myosin and tropomyosin and is also 
highly cytotoxic against heart cells (26), bound 
MI most strongly but was 8 to 16 times less 
reactive against MI* and MI*@*9 (Fig, SA, 
fig, S7, and table S2), Thus, sequence idealiza- 
tion of MI could reduce cross-reactivity 

Mice were then immunized with MI or 
M1035 ang challenged with a WT strain of 


Fig. 3. CD spectra at 4 (triangles), 20 
(squares), and 37°C (circles) of (A) Ma" 
(green), M1*** (black), and MIM) 
(red) and (B) MA (green), M1* (black), 
and m1*®4 (red), Mean residue 
222:208 ellipticity (MRE) ratios are 
shown, (©) (Top) Hisytagged M2 (2-H) 
and untagged MA (ML) were coincubated 
at the indicated temperatures and copre- 
ipitated at 4°C with Ni?* nitrilotriacetic 
acid (NTA) agarose beads, (Middle) M1-H/ 
[M1 heterodimers were isolated, incubated, 


and coprecipitated at the indicated temperatures with Ni®*-NTA agarose beads, (Bottom) Only untagged 
‘M1 was incubated with beads. (A to O Unbound protein (U) and protein bound to the beads (B) were 
visualized by Coomassie-stained, reducing SDS~polyacryiamide gel electrophoresis (PAGE). 


|: 


3. 


a MPO 
Fig. 4. (A) FgD incubated alone 
‘or with Hise-tagged constructs of 
ma, Mi", or MI at 37°C 
and coprecipitated with Ni-NTA 
‘agarose beads. U and B proteins 
were visualized by Coomassie- 
stained, nonreducing SDS-PAGE. 
(B) Quantification of FgD binding 
in (A), Err bars indicate mean + 
SD. (©) Western blot of HBP in 
supernatants from human neu- 
trophils. stimulated with M1 or 
M1539) rhHBP, recombinant 


human HBP. (D) Lung histopathology of Balb/c mice 30 min after intravenous injection of M1 or 
M1"), Representative histopathology (hematoxylin and eosin stain) with intra-alveolar edema 
(thick blue arrows) and macrovascular (asterisks) and microvascular (thin arrows) congestion is 


indicated. Magnification, x100. 
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Fig. 5. (A) Titer of mAb 36.2.2 versus M1, M1*, and M1*%49 by immunosorbent assay. 


Error bars indicate mean + SD. (B) Skin lesion size of mice immunized with M2 or M1°4% after 
sulbcutaneous challenge with WT M1 GAS. Error bars indicate mean + SEM (N = 10 mice per group). 
‘Analysis of variance (ANOVA) was significant (P < 0.002) on days 2 to 6; posthoc group an septa 
{Tukey-Kramer_multipleomparison test) revealed significant protection of MA or Mt" 

phosphate-bufered saline (PBS) on days 2 to 6 (asterisks denote P < 0.05). (©) Baceeia of mice 


immunized with M1 or mae 


3) 4 hours after intraperitoneal challenge with WT M1 GAS. Mean 
‘horizontal bars) and distbution are shown W = 10 per group). ANOVA was 
posthoc group comparisons revealed significant protection of Ml or MI 


ificant at P = 0.02; 
” versus PBS control 


{asterisks denote P < 0.05). (D) Kaplan-Meyer survival curve of immunized mice from (O). 


MI GAS. M1 and MI*@!9 elicited similar titers 
‘of Ml-teactive antibxtis (fig. SS), anit each a= 
fonda similar levels of protection asinst the de> 
\elopment of skin lesions affer subeutancous GAS 
challenge (Fig. SB) Simibirly, MI and ML*@E 
provided comparable levels of protection against 
acute tucteremia and mortality after intraperitoneal 
GAS challenge (Fig 5, C and Dy 

Our results show that the specific structure 
‘of ML causes proinflammatory interactions with 
fibrinogen. A comparable set of structural features 
‘occurs in myosin and tropomyosin (17-22), 
indicating a deep level of molecular similarity 
between ML and these host proteins and explain- 
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ing the pattems of cross-reactivity seen in rheu- 
matic fever. Mutation to stabilize the structure of 
the MI coiled coil reduced fibrinogen binding, 
proinflammatory effects, and recognition by a 
cross-reactive and cytotoxic antibody, whereas it 
Jef the immunogenic and protective properties 
‘of MI undiminished. 
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Proteomics 


PROTEIN BIOMARKERS 
SEEK VALIDATION 


As proteomics researchers uncover potential disease markers by the hu 
I struggtin 
problem of testing and validating this new trove of results. By Alan Dove 


basic scientists and equipme wufacturers are 


1 1896, administrators at Johns Hopkins Hospital in Baltimore approved an 


extravagance: they bought a suite of specialized equipment for culturing 
microorganisms, examining tissues, and analyzing body fluids. Stuffing 
this gear into a 12-foot-square room, the hospital created the world’s first 
dedicated clinical laboratory. The total bill was $50. 
Fed by a rush of new discoveries in microbiology and pathology, clinical 
laboratories and their specialized tests soon became ubiquitous. Though 


the field required increasing quantities of expensive equipment and trained 


technicians, the enormous clinical benefits more than offset the mushrooming 


costs, Knowing exactly what was wrong with a patier 


‘as possible —became the benchmark of good medical care. 


Like most revolutions, clinical testing soon reached a plateau. Even 


many deadly diseases re 
throat or 
Alzheimer 

‘Armed with new molecular tool: 
grown, some researchers are now 


yroid condition, your doctor will know it cancer 0} 


disease might not be apparent until the disease is quite advanced 


developed as the field of proteomics has 


rying to tackle these tough cases with panels 


of protein biomarkers. Even in the early stages of a disease, th 


ory goes, cells 


in the body often change the expression levels of numerous proteins. Detecting 


those changes would allow clinicians to identify t 


quickly and 


definitively, Reducing that theory to prac 
suggests that itis at 


ice hasn't been easy, but recent work 


possible. 


Less Is More 
The new strategy differ 
tests. “The historical tren¢ 


markedly from the old way of ¢ 


s you were more focused on a mechanism, and 


you developed tests for that,” says Martin Latterich, associate professor of 
pharmacy at the University of Montreal in Mc 


of high throughput technologies, some researchers sta 


;ntreal, Quebec. With the advent 


ted comparing 


proteomes instead, looking at all of the proteins expressed in a sample from 


a sick patient, and comparing that p 
“Instead of looking at one thing a 
necessarily worry about if the prot 
Latterich, 

Casting such a broad net, the scie 
directly related to the disease mechanism, b 
which change in response to d 
progresses. Critics of high throughput biomarker screening argue that this 
F of 


of a healthy control. 


el to the proteo: 


we look at complex samples and dor 


elf is mechanistically involved,” says 


ly find changes 


they also find many su 


gate 


biomarkers, ownstream events as the disease 


shotgun approach lacks the intel 
Latterich, who responded to t 
Science (Proteome Sci. 3:8, October 2 
high throughput studi 
learn “less about more, or m t less. 


ctual rig nistic studies. 


iat complaint | in Proteome 


1005), prefers to see mechanistic and 


ng to 


Instead of looking at 
one thing at a time, we look 
at complex samples and 
don’t necessarily worry 
about if the protein itselfis 


mechanistically involved. 


Biomarker Discovery — March 28 
Genomics 1 — April 4 
RNAi —June 6 


Inclusion of companies in this article does not indicate 
endorsement by either AAAS or Science, noris it meant to 
imply that their products or services are superior to those of 
other companies 
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“Validation really requires a 
joint effort between one lab 
that would be devoted to 
discovery and then another 
lab that has expertise in 
antibodies or ELISA.” 


‘A more practical problem with modem biomarker screens 
that they also uncover numerous false leads. “We're really going 
into a lot of these studies blind; we don’t know exactly what the 
biomarker’s going to be, It’s not a case where we can look at all 
the differences and say ‘Aha, that’s the biomarker.” says Timothy 
Veenstra, director of the laboratory of proteomics and analytical 
technologies, SAIC-Frederick at the National Cancer Institute (NCI) 
at Frederick, Maryland, 

Indeed, many biomarker researchers cite validation—the process 
of winnowing a huge panel of potential biomarkers down to.a much 
smaller set of usable ones—as the field's biggest challenge. For 
Veenstra, whose lab focuses on biomarkers for prostate, breast, and 
ovarian cancer, the first problem is deciding which of the hundreds 
of protein expression changes in an initial screen are even worth 
pursuing. “Some you can throw out, maybe because they're related 
to inflammation or acute phase response proteins that aren't going, 
to have any specificity for a particular cancer,” says Veenstra. 

Even after throwing out obvious red herrings, researchers must 
still develop robust, reproducible tests for them. “Validation really 
requires a joint effort between one lab that would be devoted to 
discovery and then another lab that has expertise in antibodies or 
ELISA.” says Veenstra. ELISAs, or enzyme-linked immunosorbent 
assays, are the standard protein-screening tool in clinical labs, but 
developing a new ELISA test can take months, The more candidate 
biomarkers a team wants to take into validation, the more tests they 
need to develop. 

To help address this bottleneck, manufacturers are starting 
to streamline the decades-old ELISA technique. One promising 
development is Perkin Elmer's AlphaliSA system. Based on 
a proprietary antibody-binding bead system, the AlphaLISA 
eliminates the finicky washing steps of the standard ELISA 
procedure, and also makes the assay much easier to automate. The 
latter feature could be a particularly strong selling point as tests 
based on multiple biomarkers start to filter into already-overtaxed 
clinical laboratories. 

Indeed, the first proteomics-based clinical assays may be just 
around the comer. Pharmaceutical and clinical testing companies 
have already shown they are willing to invest in the new generation 
of biomarkers, eventhough validation and testing can be costly. After 
NCI researchers discovered protein expression patterns that appear 
to correlate with ovarian cancer prognosis, the clinical laboratory firm 
Correlogic Systems of Rockville, Maryland, was quick to pick up the 
project. The resulting test, known as OvaCheck, remains in regulatory 
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limbo, but experts seem confident that tests like it will soon reach 
the market. Meanwhile, the US Food and Drug Administration has 
started soliciting proteomic data from companies, in order to keep 
its staff up to speed on the technology as the new proteomics-based 
tests continue to move into the regulatory process. 


Chip, Column, or Gel? 

With numerous pharmaceutical and diagnostic companies working, 
to validate biomarkers with traditional techniques such as ELISA, at 
least one company thinks it has found a better solution. At Protagen, 
in Dortmund, Germany, researchers are using protein chips to screen 
for autoantibody-based biomarkers. In a typical experiment, the 
scientists apply serum from a patient to a chip with a huge panel of 
recombinant human proteins, representing the proteome of the fetal 
brain. “We are comprehensively screening patient sera against this 
collection of 10,000 proteins, [and] are finding unique autoantibody 
recognition patterns that can be used as diagnostics,” says Christoph 
Huels, the company’s CEO. 

‘One example of success using the protein biochip is the ability 
“to diagnose multiple sclerosis (MS) with more than 80 percent 
sensitivity and specificity,” according to Huels. 

Using a chip-based system for both the discovery and validation 
phases could help get tests into the clinic faster, but the strategy has 
limitations. For example, it will reveal only biomarkers that involve 
autoantibody responses, and only when they target antigens that 
appear in the company’s panel of recombinant proteins, 

Nonetheless, Huels argues that the approach may be more broadly 
useful than expected. “In the beginning we said it might be only 
applicable to autoimmune disease, [but] so far in each disease we 
have looked at it’s working,” he says. Besides MS, the company has 
found distinctive autoantibody patterns in Alzheimer’s disease and 
prostate cancer, and academic researchers have proven the principle 
in alopecia and dilated cardiomyopathy as well, 

Though Protagen currently focuses on its own drug development 
programs, it is not the only one working with autoantibody-based 
screening chips. Scientists who want to buy the technology off 
the shelf can simply call Invitrogen, which offers several types of 
antibody discovery chips in its ProtoArray line. The chips can profile 
‘as many as 8,000 proteins in a single run, using as little as 1pL of 
serum or plasma asa starting sample. 

For many gear makers and basic researchers, though, biomarker 
discovery focuses on more traditional technologies, especially liquid 
chromatography and mass spectrometry. Fortunately, these tools 
have been evolving rapidly in recent years (see “Mass Spectrometry 
for the Masses,” Science 319:1115, 2008), and companies have 
also introduced new equipment designed specifically for biomarker 
discovery. 

‘One of the first problems biomarker screeners encounter is the 
chore of depleting the most common proteins from serum or other 
biological fluids, to allow them to detect the much scarcer but more 
informative protein signals that might make good biomarkers. 
While many groups turn to immunodepletion columns for this, 
Bio-Rad in Hercules, California, recently introduced an alternative, 
called ProteoMiner. 


wowwesciencemag.org/products 
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Instead of antibodies on the column, Bio-Rad uses “a hexapeptide 
library with diversity, so it's a combinatorial chemistry-synthesized 
library,” says Aran Paulus, the company’s research and development 
‘manager for proteomics. Most serum proteins will bind to atleast one 
hexapeptide in the column, but once that hexapeptide is saturated, 
the surplus protein washes through. After washing the column, 
the researcher can elute the bound proteins, which come out in a 
‘much smaller range of concentrations. According to the company, 
common proteins are depleted across the board, while rare proteins 
are retained without bias. 

Whatever strategy a researcher uses forinitial sample preparation, 
it often requires some additional cleanup before entering the mass 
spectrometer. For many modern biomarker screeners, that means a 
nanoscale high performance liquid chromatography system, which 
isoften connected directly to the mass spectrometer. Unsurprisingly, 
equipment manufacturers are also trying to squeeze more 
performance out of this phase of the process. 

One new strategy is to switch from the usual nanoscale system, 
which splits the fluid flow in order to achieve the correct flow rate, 
toa microfluidic pump that regulates its flow rate by feedback. “Our 
technology allows you to generate these flow rates in the ranges of 
50-300 nanoliters per minute without flow splitting, and it provides 
good reproducibility,” says Remco van Soest, product manager for 
Eksigent Technologies in Dublin, California, which makes afeedback- 
regulated pump. 

The mass spectrometer is the common endpoint for proteomic 
experiments, but some biomarker studies still perform their initial 
separations with a much older technique: 2-dimensional gel 
electrophoresis, Indeed, for many biochemists, 2-D gel technology is 
akin to the fictitious rock band Spinal Tap—though neither a critics” 
nor a public favorite, it continues to fill a much-needed void, 

“A lot of people find [the 2-D gel technique] very cumbersome to 
work with, because it’s long, it’s labor intensive, and it’s believed 
to be not very reproducible,” says Bio-Rad’s Paulus. “However, in 
‘our experience if you have the appropriate training and use the 
methods that are available, and use them religiously, you get very 
reproducible results,” he adds. 
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to invest the effort, 2-D gels offer distinct 
advantages over other chromatography techniques in proteomics. 
The gels preserve posttransiational modifications, which can be 
especially important in biomarker studies, as many diseases can 
perturb glycosylation or other modifications. Plus 2-D gels offer 
tremendous resolving power compared to conventional liquid 
chromatography, with a single gel run capable of separating 
thousands of proteins into distinct spots. “No other chromatography 
technology is coming even close, The resolution of 2-D gels is still 
unparalleled.” says Paulus. 

The technique is also getting at least a little bit easier, thanks 
to equipment manufacturers who have continued to tweak it, 
Bio-Rad, for example, offers an extensive line of kits, reagents, and 
equipment to streamline every step of the 2-D gel process, from 
sample preparation to gel imaging and protein digestion. Once 
the proteins are removed from the gel and digested into peptides, 
biomarker researchers can feed them into a mass spectrometer just 
like any other sample. 


Hired Help 
Considering the complexity of biomarker studies, it's no surprise 
that many pharmaceutical companies—and even a few basic 
researchers —hire someone else to do at least some of the work. 
Indeed, as the field of biomarker discovery becomes more popular, 
more companies seem to be wading into the contract business, 
offering everything from occasional assistance with 2-D gels to 
complete biomarker discovery and validation services. 

“We can carry studies all the way through from start to finish,” 
says Mike Pisano, CEO of NextGen Sciences of Cambridgeshire, UK, 
Like a handful of other firms, the company has been drawn into the 
biomarker business partly by the shifting needs ofits pharmaceutical 
company clients. 

NextGen started out in laboratory automation, but the rise of 
biomarker screening led it to acquire Pisano’s original company, 
Proteomic Research Services of Ann Arbor, Michigan, which 
specialized in protein purification. Now biomarker work has become 
a major part of the group’s business. “We developed assays for 
monitoring proteins quantitatively in clinical samples, {and} what 
we've found is that the pharmaceutical companies are very interested, 
in looking at a set of proteins in clinical trials, in preclinical animal 
‘models, or in paraffin-embedded tissues,” says Pisano, 

The products that emerge from these experiments may bear 
little resemblance to traditional clinical tests. Because they will 
rely on panels of proteins rather than simple assays, for example, 
interpretation could be more complicated. “From panels, in order to 
come to some meaningful conclusion, you have to classify the type 
of patient groups that have a certain type of pattern, and to link that 
to disease outcome or treatment option,” says Montreal's Latterich. 
Equipping the next generation of clinical labs to do those types of 
analyses, of course. will probably cost more than $50. 


Alan Dove is a science writer and editor based in Massachusetts. 
DOI: 10.1126/science.opms 0800023 
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Biophotometer 


Building on the strengths of the UV/ Vis BioPhotometer, the BioPhotometer Plus features three 
additional wavelengths, a new keypad design, and the ability to use microliter cells as well 
as cuvettes. This compact photometer is easy to operate and produces reliable, reproducible 
results quickly. The three new wavelengths increase the number of routine methods available 
to 32, compared with 12 for the earlier BioPhotometer; nine of the methods are freely 
programmable, including measurement of DNA, RNA, and protein concentration; enzyme 
n rate of fluorescent dyes. Additional methods available include 
the incorporation rate and concentration of fluorescent dyes in nucleic acids or proteins, 
measurement of enzymatic activities, cell biological assays, and direct measurement at single 
wavelengths. Both measurement and results calculations, including factoring in dilutions, are 
performed at the push of a button, Related methods are grouped for easy selection on the 
redesigned keypad, and differently colored function keys reduce operator errors. 


‘assays; and the incorpo} 


Rapid Conjugation Kits 

‘The Lynx Rapid Conjugation Kits need just 30 seconds handling time 
forlabelingprimaryantibodies with awide range of fluorochromesand 
‘enzymes, The one-step labeling technology offers high conjugation 
elficiency with 100 percent antibody recovery. The kits are suitable 
for both large and small quantities of antibodies. The Lynx labels 
are covalently and directionally conjugated to the user's antibody 
in a controlled process at near-neutral pH, requiring no subsequent 
desalting steps. This offers significant advantages over traditional 
labeling methods that need subsequent sample concentration 
‘and dialysis, in which antibody loss is a risk and batch-to-batch 
consistency for experiments cannot be guaranteed. The hands-on 
time remains 30 seconds whether the user is conjugating microgram 
‘or milligram quantities of antibody, so a researcher can do trial runs 
‘0n conjugated antibodies to optimize the application protocols ona 
small scale before easily scaling up. 

AbD Serotec 

For information +44 1865 852 700 

www.abdirect.com 


Complex Peptide Separations 

The NanolC-Uttra, a new proteomics system that delivers gradient 
precision at high pressures of up to 10,000 psi, is suitable for the 
chromatographic separation of complex peptide mixtures. It can 
be used with longer columns than previous systems and also 
accommodates columns packed with smaller particles. The NanoLC- 
Ultra features self-priming and self-purging pumps for easy solvent 
changes as well as a temperature-controlled column compartment 
that maintains retention time reproducibility. It can operate ina “peak 
parking” mode with the flow rate temporarily decreased, to facilitate 
longer mass spectrometry interrogation of the analyte. By eliminating 
flow splitting, the proprietary microfluidic flow control technology 
generates accurate and reproducible flow rates with a resolution of 
more than 1 nl per minute. The control software includes integration 
drivers for the most widely used mass spectrometry programs. 
Eksigent 

For information 925-560-2637 

wowweksigent.com 


Protein Separation Unit 

The MF10 Protein Separation Unit simultaneously separates proteins 
based on size and charge. The technique makes use of a combination 
of polyacrylamide membranes with a gradation of pore sizes and 
electrophoretic charges through the buffer. Researchers can choose 
from a selection of color-coded molecular weight cut-off membranes 
spanning the range of proteins under investigation. By controlling 
membranes, buffer pH, and voltage, the MF10 can create up to eight 
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Eppendorf 
For information +49 40 53801 0 
wwew.eppendorf.com 


fractions simultaneously on samples as small as 200 microliters. The 
two-dimensional polyacrylamide membrane separation technology 
allows fraction preparation, desalting, and depletion of abundant 
proteins, upstream of two-dimensional gels or mass spectrometry. 
The method is nondestructive, so proteins retain their biological 
activity. The small, affordable system is designed to fill a gap in the 
proteomics toot arsenal by allowing individual researchers to do a 
variety of small-scale protein preparations. 

For information 908-575-1378 

www.nusep.com 


Mass Spectrometer 

The LIQ Orbitraps are hybrid linear ion trap mass spectrometers. The 
L1Q Orbitrap Discovery is a cost-effective system suited for general 
proteomics and metabolism applications, offering an alternative to 
time-of-flight systems. Featuring high resolution and accurate mass 
capabilities, this hybrid liquid chromatography/mass spectrometry 
system achieves high-throughput, label-free profilin for differential 
expression while the mass spectrometry capability makes it suitable 
for small molecule characterization and structural elucidation. The 
Discovery offers up to 30K resolution power and an exceptional 
scan rate, enabling the separation of trace-level, isobaric analytes. 
The LTQ Orbitrap XL is a protein identification and biomarker 
discovery platform that features sensitivity, rapid scan rate, high 
‘mass accuracy, and up to 100K resolution power. The Orbitrap XL 
features a new collision cell for increased flexibility in fragmentation 
applications including peptide quantitation, de novo sequencing, 
‘and metabolomics research. tis also upgradeable to use the electron 
transfer dissociation option for controlled dissociation of peptides 
and proteins. 

Thermo Scientific 

For information 800-532-4752 

‘www.thermo.com/ms 


Electronically submit your new product description or product literature 
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